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ABSTRACT 
While the behavioral and physiological effects of immunocontraception have 
been studied extensively in various species, the potential consequences for non-target 
animals have received less attention. We explored this issue in a population of feral 
horses on Shackleford Banks, North Carolina, USA that has been managed using the 
immunocontraceptive agent porcine zona pellucida (PZP). On Shackleford, mares 
previously treated with PZP change groups more often than untreated mares, disrupting 
the social stability within this population. We explored how this decreased female fidelity 
affects the behavior and physiology of stallions. We used behavioral observations to 
assess whether stallions experiencing varying rates of female turnover engaged in 
different rates of male-male contests, rates of aggressive or reproductive behaviors 
exhibited toward females, and/or time spent vigilant. We found that stallions 
experiencing higher rates of female turnover engaged in more frequent and more highly 
escalated contests and spent more time vigilant. To further explore the consequences of 
decreased female fidelity for male behavior in a more controlled context, we conducted a 
playback experiment to assess stallion responsiveness to signals from rivals. We played 
squeals (aggressive male vocalizations) and controls (men reciting, “hello, horse”) to all 
stallions and recorded all responses. Males spent more time vigilant and were more likely 
to approach the speaker following squeals than control trials, suggesting that squeal 
playbacks served their intended purpose by eliciting responses more typical of encounters 
between rival males. Furthermore, males exhibited heightened responsiveness to squeals 
during and after female group changes compared to before they experienced any group 
changes. Finally, we examined the effect of female turnover on male stress levels by 
vii 
assessing fecal cortisol levels and found that males experiencing higher turnover rates 
exhibited higher cortisol levels. Altogether, these findings demonstrate that increased 
female turnover leads to increases in male-male aggression, vigilance, and cortisol levels. 
As females previously treated with PZP change groups more often, stallions associating 
with these females are more likely to exhibit these changes in behavior and stress 
physiology. Such consequences of immunocontraception management for non-target 
animals are important to consider if maintaining animal welfare and naturally functioning 
populations is a management goal.
1 
CHAPTER 1.    INTRODUCTION 
Background 
 Horses evolved in North America during the Pliocene-Pleistocene before going 
extinct on the continent approximately 13,000 years ago (Weinstock et al. 2005). In the 
15th century, the modern horse (Equus caballus) was reintroduced by Europeans (Fazio 
1995). Those that escaped or were deliberately released formed feral herds across the 
continent. The feral horse populations that exist in the United States today are the 
descendants of these individuals (Fazio 1995). Given their significant historical and 
cultural value, they have been awarded protection under acts including the Wild Free-
roaming Horses and Burros Act of 1971 (United States Congress 1971) and the 
Shackleford Banks Wild Horses Protection Act of 1997 (United States Congress 1997). 
However, with few predators across most of North America, feral horse populations can 
grow rapidly (Garrott et al. 1991, Turner et al. 1992, Turner and Morrison 2001), and 
grazing by these populations has been shown, in certain cases, to have damaging effects 
on native plant species and ecosystems (Beever and Brussard 2000, Levin et al. 2002). 
This issue and conflict with various land use practices have necessitated some form of 
management of feral horse populations. How to best manage these populations 
effectively while maintaining their wellbeing has been a question of considerable debate. 
Traditional gather and removal methods are unpopular with the public, can increase 
reproductive rates, and may interfere with band stability and genetic variability 
(Kirkpatrick and Turner 1991, Gross 2000). As an alternative, hormonal contraception 
requires impractical delivery methods and high doses, has potential detrimental effects to 
natural behaviors, and poses a risk of passing through the food chain (Kirkpatrick 1995). 
2 
As the search to replace such problematic methods continues, immunocontraception has 
arisen as an option that appeals to both managers and the public. 
Since 2000, the feral horse population on Shackleford Banks, North Carolina has 
been managed with the contraceptive agent porcine zona pellucida (PZP). PZP, which is 
administered by dart, triggers the production of antibodies that interfere with the sperm’s 
ability to attach to and penetrate the zona pellucida membrane of the egg, thus preventing 
fertilization (Sacco 1977). In feral horses, PZP is highly effective in preventing 
fertilization, is safe for pregnant females and does not impact foal survival or fertility 
(Kirkpatrick and Turner 2002, Turner and Kirkpatrick 2002). However, physiological 
effects including ovulation failure and depressed urinary oestrogen concentrations have 
been documented after several consecutive PZP treatments (Kirkpatrick et al. 1996). 
Given the options currently available, PZP seems to be the best management strategy in 
terms of effectiveness and reduced impact on population health. However, effects of PZP 
on the behavior of treated females have been documented in the Shackleford population 
as well as several western populations (Nuñez et al. 2009, Nuñez et al. 2010, Ransom et 
al. 2010). 
 Research on Shackleford Banks has shown that compared to untreated females, 
treated females change groups more often, continue ovulatory cycling into the 
nonbreeding season, and receive and solicit more reproductive interest from males 
(Nuñez et al. 2009, Nuñez et al. 2010). The increase in group changing behavior by 
treated females, in particular, has been detrimental to social stability within the 
population (Madosky 2011). Such changes are not limited to the Shackleford population. 
In three populations of western horses, PZP-treated mares received more reproductive 
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interest from stallions than did untreated mares (Ransom et al. 2010).  These results 
suggest that the changes demonstrated on Shackleford are not idiosyncratic, but instead, 
are pervasive among feral horses. Despite the halt of the contraception program in 2010 
(except for health reasons), this group changing behavior has continued in previously 
treated females experiencing prolonged subfertility (Nuñez et al. 2017). These results are 
in stark contrast to those found on Assateague Island. Powell (1999) found no significant 
effect of PZP on the behavior of treated females. It should be noted, however, that this 
study lacked true controls (females that had never received PZP) and was limited to the 
breeding season (Powell 1999). As effects of treatment may persist in previously treated 
females (Nuñez et al. 2017) and behavioral effects seem to be more obvious in the non-
breeding season (Heilmann et al. 1998, Nuñez et al. 2009), the design of the Assateague 
study may have obscured any potential behavioral changes in treated females. In social 
species like the horse, the maintenance of normal behavior and social relationships are 
important for the wellbeing of the population. As such, changes to behavior may have 
significant consequences for both individuals and the population as a whole. Elucidating 
these changes and their potential influences on non-target animals is crucial if we are to 
more fully understand the true reach of our management practices. Specifically, the 
potential effects of decreases in female fidelity on male behavior and physiology remain 
largely unexplored. As females previously treated with PZP more often exhibit this 
behavior, such effects deserve greater attention to more fully understand the 
consequences of immunocontraception management. 
Objectives 
 This study seeks to assess the consequences of immunocontraception 
management for the behavior and physiology of male feral horses. Assessing how female 
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group changing behavior affects stallions will provide insight into how associations with 
previously treated females may impact stallion behavior and physiology. With a better 
understanding of the impacts of contraception management on non-target individuals, 
managers can better implement strategies that effectively manage population sizes 
without compromising the wellbeing of the population. Specifically, the following 
questions will be addressed in this study: 
1. How does decreased female fidelity affect male-male aggression and vigilance 
behavior? 
2. How does decreased female fidelity affect male-female interactions? 
3. How does decreased female fidelity affect male responsiveness to signals from 
rivals? 
4. How does decreased female fidelity affect physiological stress in stallions? 
5. How does the surrounding environment impact male responses to female 
behavior? 
Thesis Organization 
 This thesis is organized with each chapter formatted as a journal manuscript. 
After this general introduction to the study’s background and objectives, Chapter 2 
addresses the effects of decreased female fidelity on male behavior and how male 
responses may vary with the surrounding environment. Chapter 3 describes a playback 
experiment that assesses male responses to signals from rivals, providing an experimental 
complement to the observational data presented in Chapter 2. Chapter 4 assesses how 
decreases in female fidelity impact stress levels, quantified through fecal cortisol levels. 
Finally, Chapter 5 summarizes this study’s general conclusions and its implications for 
the use of immunocontraception as a management tool.    
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CHAPTER 2.    DECREASED FEMALE FIDELITY INCREASES MALE 
AGGRESSION AND VIGILANCE IN A POPULATION OF FERAL HORSES 
MANAGED WITH IMMUNOCONTRACEPTION  
Modified from a manuscript for submission to the journal Behavioral Ecology 
Maggie M. Jonesa and Cassandra M.V. Nuñeza 
aDepartment of Natural Resource Ecology and Management, Iowa State University, 
Ames, IA 50011, USA 
Abstract 
In social species like the feral horse (Equus caballus), changes in individual 
behavior are likely to affect associated animals. On Shackleford Banks, North Carolina, 
USA, mares treated with the contraceptive agent porcine zona pellucida (PZP) 
demonstrate decreased fidelity to their band stallions. Here, we assess the effects of such 
decreased mare fidelity on male behavior and address potential interactions with habitat 
visibility, a component of the environment shown to significantly affect feral horse 
behavior. We compared the frequency and escalation of male-male contests, rates of 
aggressive and reproductive behaviors directed toward females, and the percentage of 
time spent vigilant among males experiencing varying levels of mare group changing 
behavior. We found that regardless of habitat visibility, males experiencing more female 
group changes engaged in contests at a higher rate and intensity and spent more time 
vigilant than males experiencing fewer group changes. However, while visibility had a 
positive effect on aggression directed by stallions toward mares, female group changing 
behavior did not influence male-female aggressive or reproductive behaviors, showing 
that decreases in mare fidelity altered male-male but not male-female interactions. These 
results have important implications for feral horse management; PZP-contracepted mares 
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demonstrating prolonged decreases in stallion fidelity may have a disproportionate effect 
on male behavior. Moreover, our results shed light on the relative influences of female 
behavior and environmental factors like habitat visibility on male behavior. Such findings 
can ultimately improve our understanding of how the social and physical environments 
interact to shape male-male and male-female interactions. 
Key words: aggression, Equus caballus, immunocontraception, social stability, stallion, 
vigilance 
Introduction 
Ungulate populations in the United States have expanded greatly in recent history 
(Eberhardt et al. 1982), demanding some form of management that balances efficient 
control of animal numbers and public opinion of the adopted strategy (National Research 
Council 2013). While easily overlooked, maintenance of natural behaviors is an 
important consideration if management strategies are to sustain the health and wellbeing 
of wildlife populations. The feral horse (Equus caballus) provides an interesting case 
study for the impacts of management strategies on behavior and physiology at multiple 
levels. With few predators on the continent, feral horse populations have grown rapidly in 
the United States (Garrott et al. 1991, Turner et al. 1992, Turner and Morrison 2001, 
DOI-OIG 2010). Subsequent overgrazing can be detrimental to native vegetation and 
wildlife communities and also conflicts with land use practices (Beever and Brussard 
2000, Levin et al. 2002). Viewed as both a culturally valuable species protected by 
federal law and a nuisance to humans and wildlife, feral horses present a unique 
challenge to wildlife managers (United States Congress 1971). Recently, fertility control 
has become a popular option for managing feral horse populations. The 
immunocontraceptive agent porcine zona pellucida (PZP) has been used to manage 
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several populations of feral horses and other social species including white-tailed deer 
(Odocoileus virginianus) and elk (Cervus elaphus) (Kirkpatrick et al. 1997, McShea et al. 
1997, Heilmann et al. 1998, Ransom et al. 2010).  
 In feral horses, both physiological and behavioral effects of PZP on treated mares 
have been widely documented, with varying results among populations (Kirkpatrick et al. 
1996, Powell 1999, Turner and Kirkpatrick 2002, Nuñez et al. 2009, Nuñez et al. 2010, 
Ransom et al. 2010, Madosky 2011, Nuñez et al. 2014). However, the potential effects of 
immunocontraception management on non-target individuals have received less attention 
(Ransom et al. 2010). Such effects are especially important to consider in social species 
like the feral horse, as the behavior of one individual is likely to influence the behavior of 
its associates. Feral horses live in social groups (called bands) consisting of one or 
sometimes multiple stallions, one or more associated females, and their offspring (Feist 
and McCullough 1976, Rubenstein 1981). Bands are typically stable groups with females 
staying with the same male (band stallion) for most of their adult lives (Klingel 1975).  
However, this stability may be compromised when the behavior of individual 
group members changes. The feral horse population on Shackleford Banks, North 
Carolina, USA provides such an example. Between 2000 and 2009, the population was 
managed by treating a subset of females with PZP. This resulted in several changes in the 
behavior and physiology of treated mares (Nuñez et al. 2010, Nuñez et al. 2014) 
including increased group changing behavior (Nuñez et al. 2009). While PZP treatment 
was largely suspended in 2010, increased group changing behavior is still exhibited by 
previously treated mares experiencing prolonged subfertility (Nuñez et al. 2017). The  
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resulting decrease in group stability may have implications for other group members, 
particularly the band stallions (Madosky 2011).  
During periods of social instability, males exhibit increases in aggression and 
testosterone across diverse taxa including primates, birds, and fish (Wikelski et al. 1999, 
Cavigelli and Pereira 2000, Hirschenhauser and Oliveira 2006, Arlet et al. 2009). On 
Shackleford, the social instability primarily created by decreases in previously treated 
mares’ fidelity to band stallions is likely to similarly increase the frequency and 
escalation of stallion contests. Furthermore, changes in female behavior and movement 
patterns are likely to influence how males interact with these females. For example, male 
harassment of females is common in ungulate mating systems, with males more likely to 
initiate mating than are females (Bro-Jørgensen 2011). However, harassment intensity 
can vary greatly with female reproductive state and the strength of social bonds between 
males and females (Linklater et al. 1999, Sundaresan et al. 2007). Lactating females and 
those demonstrating weaker bonds with the dominant male and/or female associates often 
experience increased male harassment (Linklater et al. 1999, Sundaresan et al. 2007). On 
Shackleford Banks (and in the western United States), treated mares demonstrate 
prolonged reproductive cycling (Nuñez et al. 2010, Ransom et al. 2010) and weakened 
social bonds (Nuñez et al. 2009, Madosky 2011). Not surprisingly, treated mares are 
often subject to increased stallion harassment when compared to untreated mares 
(Madosky 2011), demonstrating the profound impacts female behavior can have on male 
behavior. 
To fully understand how males respond to changes in female behavior, behaviors 
should be considered in the context of the animals’ surrounding environment. The 
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interactions between animals and various facets of their physical environment such as 
visibility and resource distribution profoundly influence mating systems by dictating how 
males exploit female movement and dispersal patterns (Emlen and Oring 1977, 
Rubenstein 1981). Historically, Shackleford has been defined by three distinct habitats: 
the East, which is flat and open with limited water sources (Marr 1996); the Mideast, 
which is also flat and open with more evenly distributed water sources (Rubenstein 
1981); and the West, which contains two primary water sources and is dominated by high 
dunes and dense brush (Rubenstein 1981). These regions vary in their resource 
availability and landscape features, both of which influence stallions’ ability to defend 
territories (Rubenstein 1981). For example, water and vegetation distribution determine 
the location and extent of horses’ home ranges (Feist and McCullough 1976, Miller 1983, 
Manning and McLoughlin 2017). Furthermore, the degree of visibility across a landscape 
can affect a stallion’s ability to defend his band against intruders (Rubenstein 1981). The 
history of territoriality in the eastern region of Shackleford demonstrates how high 
visibility and evenly distributed resources allow for the maintenance and defense of 
distinct boundaries (Rubenstein 1981, Rubenstein 1986). Therefore, shifts in resource 
availability or distribution, visibility, and the resulting degree of overlap between band 
home ranges are likely to impact the frequency of intergroup interactions and the degree 
of competition among stallions. Investigating the influences of both female behavior and 
ecological factors on male behavior can broaden our understanding of how these factors 
interact to shape male mating strategies and even the evolution of mating systems. 
Here, we assess the effects of decreased mare fidelity on male behavior in the 
feral horse population on Shackleford Banks, NC. We tested how the rate of female 
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turnover experienced by males affected 1) the frequency and escalation of male-male 
contests and vigilance behavior and 2) the frequency of male aggression and reproductive 
behaviors directed toward mares. In addition, we tested the effects of ecological variables 
including visibility and home range extent on these behaviors. We hypothesized that 
males experiencing more group changes by females, defined as the number of times 
females enter or leave a stallion’s band, would engage in contests with other males more 
frequently and at a higher intensity than those experiencing fewer group changes. 
Furthermore, we predicted that stallions experiencing increased female turnover would 
exhibit increased rates of aggression and reproductive behavior toward females. Finally, 
we hypothesized that increased habitat visibility and overlap among home ranges would 
heighten aggression between males and increase male aggression and reproductive 
interest directed toward females. Because females previously treated with PZP exhibit 
prolonged decreases in stallion fidelity, this study can improve our understanding of the 
potential for indirect effects of contraception management on non-target animals. In 
addition, our evaluation of the relative effects of female behavior and ecological factors 
on male behavior may provide insights into their influence on the expression (and 
evolution) of male mating strategies. 
Methods 
Study Site and Subjects 
The focal population of feral horses lives on Shackleford Banks, a barrier island 
off the coast of North Carolina, USA. The island is approximately 15 km long and ranges 
from 0.2 to 1.2 km wide. As a part of Cape Lookout National Seashore, Shackleford 
Banks is visited by approximately 100,000 tourists annually (National Park Service 
2017). Therefore, the horses on the island are habituated to the presence of people. The 
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study was conducted during two breeding seasons, June through July, 2016 and May 
through August, 2017. In both years, we observed all band stallions and their females: 21 
males and 70 females organized into 18 bands in 2016 and 20 males and 69 females 
organized into 19 bands in 2017. Most bands had one dominant stallion with the 
exception of two double-male bands in 2016 and one double-male band in 2017. 
PZP Contraception 
This feral horse population is federally protected under the Shackleford Banks 
Wild Horses Protection Act of 1997 and is managed jointly by the National Park Service 
and the Foundation for Shackleford Horses (United States Congress 1997). To maintain 
the population at the predetermined size of approximately 120 animals, the National Park 
Service began utilizing immunocontraception in 2000. Mares received initial and booster 
doses of PZP, which were administered from February through April in designated years. 
Injections contained 100 µg of PZP plus an adjuvant, and initial doses contained Freund's 
Complete Adjuvant, Modified, Mycobacterium butyricum (Calbiochem #344 289). 
Booster doses contained Freund's Incomplete Adjuvant (Sigma #F5506). In 2010 and 
2011, when the NPS and Foundation realized that some mares treated repeatedly 
experienced prolonged subfertility post-treatment, PZP treatment was suspended to allow 
the population to increase (Stuska, personal communication).  
Behavioral Data 
Behavioral data were collected primarily by one observer (M.M. Jones) and were 
supplemented with additional data from two other observers (M. Fatka and C.M.V. 
Nuñez). All observers were trained by C.M.V. Nuñez. Study bands were located twice 
per week, and GPS location and group composition were noted. Individuals were 
identified with freeze brands, distinctive markings, coloration, and other identifying 
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features. As witnessing group changing behavior by females was rare (n = 1), presence 
and absence of females in the band were noted to monitor this behavior. These data were 
used to calculate the number of group changes experienced by males (the number of 
times females entered or left a male’s band).  
In addition, we conducted 15 minute focal samples to assess stallion activity 
budgets (Altmann 1974). Instances of rare behaviors such as male-male, male-female, 
and female-female aggression, female guarding (herding and chasing) by males, and 
reproductive interest (copulation, mounting, genital sniffing, and rump rubbing (Nuñez et 
al. 2009)) initiated by and directed toward stallions by both previously treated and 
untreated mares were recorded ad libitum (Altmann 1974). The escalation of male 
contests was scored based on a scale of one to six developed by Hynes (1998) (see 
Supplementary Material). All observations were conducted at least 15-20 meters away 
from the animals to ensure that they were not disturbed by our presence, which is within 
the distance that the NPS advises visitors to maintain from the horses (National Park 
Service 2004). 
Assessing Visibility Across Shackleford Banks 
We assessed visibility across the island as a potentially important environmental 
factor that can influence male behavior and inter-band conflict (Rubenstein 1981). 
Visibility was quantified through viewshed analysis in ArcMap 10.4.1 (Alonso et al. 
2012, Aben et al. 2017). Digital surface models were created using USGS LiDAR point 
cloud data to account for both bare earth elevation and vegetation structure (U.S. 
Geological Survey 2015). GPS locations collected at every band sighting using Garmin 
eTrex 10 units were used as observer points, and an observer offset of 1.2 m was used as 
the average height of the horses (Stuska, personal communication). The Visibility tool in 
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ArcMap was then used to predict the cells visible from each point, and the number of 
visible cells was averaged across all points for each stallion to produce an average 
visibility score. 
Estimating Home Range Size and Overlap 
To quantify band home range size and degree of overlap, as these factors can also 
influence stallion behavior (Rubenstein 1981), we used the R package adehabitatHR 
(Calenge 2006). Home ranges for each band were estimated with GPS locations collected 
at all band sightings in 2016 and 2017 using the 95% adaptive kernel method as 
described by Worton (1989). Home range area and each band’s degree of overlap with 
other home ranges were then assessed in ArcMap. Home range overlap was calculated as 
the percentage of one stallion’s home range area that was overlapped by other home 
ranges. Home ranges for each year were estimated separately, and bands with fewer than 
ten GPS positions were excluded from the analysis (Börger et al. 2006). 
Statistical Analysis 
To assess whether the increased group changing behavior by females previously 
treated with PZP reported by Nuñez et al. (2017) persisted during our study period, we 
used a permutation test in the geomorph package in R (version 3.4.1) (Adams et al. 2017, 
R Development Core Team 2017). The rate of group changes made by females (the 
number of group changes made divided by the total time they were surveyed expressed in 
observation days (defined as 12 hour periods, which was the approximate length of 
daylight during our study period) was the response variable, and mare age and a binary 
variable representing whether or not a mare had been treated with PZP in the past were 
the independent variables.  
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We used generalized linear mixed-effects models to examine how changes in 
female behavior influenced male behavior. Rates of male-male aggression, male-female 
aggression, and male-female reproductive interest were calculated as the number of 
instances a stallion was observed engaging in those behaviors divided by the total time 
(expressed as observation days) the stallion was surveyed during the season, as the 
frequencies of those behaviors and the total time individuals were observed were 
significantly correlated (male-male contests: ρ = 0.330; P = 0.035; male-female 
aggression: ρ = 0.486; P = 0.001; male-female reproductive behavior: ρ = 0.663; P < 
0.001). Additionally, the escalation scores of all male-male contests that a single stallion 
engaged in were averaged to calculate a mean escalation score for that stallion. Finally, 
percentage of time spent vigilant, which was characterized by ears erect and directed 
forward, head and neck held high, and eyes alert (Figure 1) (Feist and McCullough 
1976), was measured as the minutes spent vigilant over all focal samples conducted for 
one male divided by the total number of focal minutes for that male. 
Separate models were run for each of the following dependent variables: male-
male contest rate, male-female aggression rate, male-female reproductive interest rate, 
average male-male contest escalation, and percentage of time vigilant. Each model 
included the following independent variables as fixed effects: the number of group 
changes a male experienced divided by the total time he was surveyed (female turnover 
rate), average visibility score, male age, average female age (within the band), and the 
average number of adult females present. The latter three variables were included to 
control for their potential impacts on male behavior (Berger 1977, Vervaecke et al. 2007,  
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Nuñez et al. 2017). Finally, all models included stallion identity as a random effect to 
control for pseudo-replication. 
For all models, dependent variables were log or square root transformed as 
necessary to account for non-normality of model residuals. Best fit models were then 
selected via backward elimination with a cutoff level of P = 0.1 to eliminate variables 
from the models. Additionally, Spearman correlation tests were used to assess 
correlations among independent factors and to avoid collinearity within models. Final 
models did not include any highly correlated variables. The significance level of 0.05 was 
used to evaluate the effects of predictor variables on male behavior.  
All band stallions that were observed for more than two hours were included in 
the analysis (n = 23 (18 stallions were observed in both 2016 and 2017, 3 additional 
stallions were observed only in 2016, and 2 were observed only in 2017)).  
While male rank is also often a predictor of male aggression (Vervaecke et al. 
2007), it was not included in these models because dominance data were not available for 
approximately one third of the stallions. However, age is typically associated with rank, 
with older males having higher ranks, and thus the inclusion of male age in the models 
likely controlled for at least some of the variation due to dominance status (Vervaecke et 
al. 2007). Further, for those stallions whose dominance could be determined, rank was 
not significantly correlated with any dependent variables in Spearman correlation tests 
(Table 1). 
Finally, because home ranges could only be estimated for 17 stallions (there was 
sufficient data to estimate home ranges for the same 8 stallions in both 2016 and 2017, 1 
additional stallion in 2016 only, and 8 additional stallions in 2017 only), including home 
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range size and overlap in our models reduced our sample size. Therefore, we ran two 
subsets of models: those that included home range size and overlap and those that did not.  
Results 
PZP Treatment and Female Group Changing Behavior 
When accounting for mare age (F1,136 = 0.62, P = 0.432), females that were 
previously treated with PZP made on average 2.4 group changes per day more than those 
that had never been treated (F1,136 = 4.72, P = 0.026). 
Male-male Interactions 
The rate of female group changes experienced (Table 2, Figure 2a) and male age 
(Table 2) both had positive effects on the number of male-male contests that stallions 
engaged in per day. Similarly, males experiencing more group changes by females per 
day (Table 2, Figure 2b) and older males (Table 2) engaged in more highly escalated 
contests. 
Male-female Interactions 
Males living in higher visibility areas initiated more aggressive behaviors toward 
females per day (Table 2). However, the number of female group changes experienced 
per day did not affect male-female aggression and was dropped from the final model (P > 
0.1). 
 Male age was the only variable retained in the final model investigating factors 
affecting the rate of reproductive behaviors per day but did not have a significant effect 
on this behavior (Table 2). The number of female group changes that males experienced 
was dropped from the final model, suggesting it did not explain the variation in the rate 
of male reproductive behavior (P > 0.1). 
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Vigilance Behavior 
The percentage of time males spent vigilant during focal samples increased with a 
greater number of female group changes experienced per day (Table 2, Figure 2c). 
Additionally, males with younger females within their bands also spent more time 
vigilant (Table 2). 
Analyses Including Home Ranges 
Both the percentage of home range overlap and the rate of female group changes 
had positive effects on the rate of male-male contests (home range overlap: estimate = 
1.430, t = 2.93, P = 0.008; group changes: estimate = 0.048, t = 2.43, P = 0.024). 
Additionally, contests between males with a high degree of home range overlap were 
more highly escalated than those between males with a lower percentage of overlap 
(estimate = 3.505, t = 2.93, P = 0.008). Finally, a trend suggested that stallions 
experiencing more female group changes per day exhibited higher rates of reproductive 
behavior (estimate = 0.048, t = 1.90, P = 0.071). The behavioral and ecological variables 
of interest (female group changes, home range size, home range overlap, and visibility) 
did not affect the rate of aggressive behaviors directed toward females or the percentage 
of time males spent vigilant (full results of these analyses are detailed in the 
Supplementary Material). 
Discussion 
Effects of PZP treatment on female behavior, including increased group changing 
behavior and extended reproductive behavior and cycling, have been observed among 
feral horses on Shackleford Banks and in three western populations (Nuñez et al. 2009, 
Ransom et al. 2010). However, the potential consequences of such changes for their male 
associates have not yet been fully explored. Here, we demonstrate that increased group 
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changing behavior by mares is correlated with an increase in aggression among stallions 
and heightened male vigilance. The implications of these results for management 
strategies deserve careful consideration and further investigation. Specifically, treating 
females with immunocontraceptives or other agents that decrease social fidelity can have 
broader behavioral impacts on non-treated animals, including males. Moreover, our 
results provide new insights into the relative influences of female behavior and the 
surrounding environment, specifically habitat visibility and home range overlap, on male 
behavior and the expression of specific mating strategies. 
Effects of Female Behavior on Male Behavior 
Stallions that experience increased rates of group changes by females engage in 
contests with other males more often and at more escalated levels than those experiencing 
fewer group changes (Figure 2a, Figure 2b). The feral horse social system is typically 
characterized as harem defense polygyny, in which females form stable groups defended 
by males (Emlen and Oring 1977, Rubenstein 1986). Typically, mares stay with the same 
stallion for most of their adult lives, and attempts by intruding males to gain access to a 
resident male’s females are usually unsuccessful (Feist and McCullough 1976, 
Rubenstein 1981). In the Shackleford population, decreased female fidelity has 
compromised this group stability (Madosky 2011); in response, it appears that males have 
responded by increasing their defense of females against rivals. Periods of social 
instability have also been linked to increases in male aggression in other species 
including ring-tailed lemurs (Lemur catta) and gray-cheeked mangabeys (Lophocebus 
albigena) (Cavigelli and Pereira 2000, Arlet et al. 2009). 
In addition, males that experience increased mare turnover spend a greater 
percentage of time vigilant than those experiencing fewer group changes (Figure 2c). 
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This increase in time spent vigilant reflects similar increases in vigilance behavior across 
diverse taxa during periods of high intrasexual competition, when males have a greater 
need to monitor conspecifics (Guillemain et al. 2003, Li et al. 2012). Such monitoring 
behavior allows males to guard female associates from rival males as well as detect and 
respond to wandering females (Guillemain et al. 2003, Li et al. 2012, Girard-Buttoz et al. 
2014). In the Shackleford population, increased vigilance may allow stallions to monitor 
both rival males and group changing mares in this context of decreased social stability 
and high intrasexual competition. 
Such changes in male behavior could have consequences for the overall health 
and wellbeing of these individuals. Male contests, particularly ones that are highly 
escalated, are costly, demanding significant energy expenditure and potentially leading to 
injury or even death in extreme cases (Feist and McCullough 1976, Berger 1986, Grogan 
and McDonnell 2005). Devoting more time to vigilance behavior can detract from time 
available for other behaviors like foraging, limiting males’ energy intake (Lima 1998, 
Watson et al. 2007). This may be particularly consequential if this increase in vigilance 
behavior is also exhibited during the winter when horses spend more time grazing on 
lower quality forage (Stevens 1990, Watson et al. 2007). Future work should explore the 
consequences of these changes in male-male competition and vigilance behavior on 
stallion health. 
Male-female Interactions 
Contrary to our expectations, the number of group changes experienced by males 
did not affect the rate of aggressive or reproductive behaviors initiated toward females. 
Although previous work with the same population indicates that PZP-treated females 
receive more harassment and reproductive interest from males (Nuñez et al. 2009, 
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Madosky 2011), it does not appear that males engage in varying rates of male-female 
interactions based on the rate of female turnover they experience.  
It is important to note that this study was conducted solely during the breeding 
season, when reproductive behaviors and male-female interactions are at a peak (Stevens 
1990). Powell (1999) similarly found no difference in the harassment received by 
untreated versus treated mares in the breeding season on Assateague Island, though that 
study lacked true controls (mares who had never been treated with PZP) for comparison. 
In horses and other ungulate species, behavioral effects of PZP on mares are often more 
evident during the non-breeding season when reproductive behavior is more variable 
(McShea et al. 1997, Heilmann et al. 1998, Nuñez et al. 2009). Similarly, variation in 
stallions’ interactions with females may be more evident during the non-breeding season 
when behavioral differences between treated and untreated mares are more pronounced 
(Nuñez et al. 2010). However, in another study conducted during the breeding season, 
Madosky (2011) found that treated mares on Shackleford did receive more harassment 
from stallions than untreated mares. It may be that stallion harassment and reproductive 
interest directed toward treated females are influenced more by differences in estrous 
cycling among treated versus untreated mares rather than the behavioral differences that 
we examined here. However, it is unclear how Madosky (2011) defined “harassment,” 
specifically whether it included reproductive behaviors, making it difficult to draw 
conclusions from comparisons of these studies. 
Studies of other species examining male behavior in populations managed via 
fertility control reveal similar inconsistencies (Ji et al. 2000, Poiani et al. 2002, Druce et 
al. 2013, Duncan et al. 2017). Ji et al. (2000) found that male brushtail possums 
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(Trichosurus Vulpecula) were attracted to sterilized females during and after the mating 
season; however, Druce et al. (2013) found no evidence that bull African elephants 
(Loxodonta africana) associated more with family groups containing more estrous 
females, suggesting that PZP treatment did not alter male-female associations. This level 
of variation among species supports the need for careful monitoring not only of target 
animals’, but also non-target animals’, behavior in response to contraception 
management. 
Effects of Visibility 
Habitat openness (or visibility) often plays an important role in male behavior 
because higher visibility allows males to defend home range or territory boundaries and 
track band member activity more easily (Rubenstein 1981). Our data show that males 
residing in higher visibility areas are more aggressive toward band females than males in 
lower visibility areas (Table 2). However, contrary to our predictions, we saw no effect of 
visibility on the frequency or intensity of male-male interactions (Table 2).  
In high visibility areas, males can more easily see one another and each other’s 
females, perhaps increasing the perceived threat of rival males. Males in these areas may 
herd their females more frequently to prevent them from wandering towards rivals. A 
higher frequency of herding behavior in high visibility areas may therefore allow for a 
lower frequency of inter-band contests over roaming mares. In comparison, this pressure 
may be decreased in low visibility areas where stallions and their mares cannot readily 
see neighboring bands. In these areas, landscape features such as high dunes and dense 
brush likely make encounters between rival males relatively uncommon, limiting the 
frequency of male-male contests. Therefore, similar contest levels might be maintained in 
areas of low and high visibility albeit via different mechanisms, though future work 
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should further explore this issue. Our use of viewshed analysis to assess the effects of 
visibility on feral horse behavior adds to a new but growing body of work that uses this 
GIS tool to explore questions in behavioral ecology (Alonso et al. 2012, Aben et al. 
2017). Our results show that habitat visibility is an important environmental factor to 
consider in future studies. Visual cues are integral to the behavior of diverse taxa, and the 
reception and interpretation of these cues depend heavily upon the structure of the 
environment and the resulting visibility, as outlined by Aben et al. (2017). 
Effects of Home Range Overlap 
While both home range overlap and female group changes had positive effects on 
the frequency of male-male contests, only home range overlap influenced the escalation 
of those contests (see Supplementary Material). Because home range overlap affected 
both the frequency and escalation of these contests while female turnover only influenced 
contest frequency, home range overlap seems to be a stronger driver of if and how males 
engage in fights with rivals than is female group changing behavior. These results suggest 
that while female behavior is important, home range overlap and, potentially, habitat 
features like forage and water availability that largely dictate the extent of home ranges, 
have a greater influence on male-male interactions (Feist and McCullough 1976, 
Rubenstein 1981, Miller 1983, Manning and McLoughlin 2017). In habitats necessitating 
a high degree of overlap between home ranges, inter-band interactions are likely to 
increase, with more heightened competition among band stallions over both females and 
resources (Michener and McLean 1996, Haenel et al. 2003). However, the sample size 
from this analysis was reduced compared to the full analysis. Therefore, results from this 
smaller subset of data should be interpreted cautiously.  
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Nonetheless, these results provide preliminary but important insights into the 
factors driving the expression of male mating strategies. In most wild populations, the 
effects of ecological patterns and female behavior on male behavior are nearly impossible 
to separate because ecological patterns typically dictate female behavior (Emlen and 
Oring 1977, Kraus et al. 2003). However, on Shackleford, the increase in group changing 
behavior by previously treated females suggests that their behavior is now at least 
somewhat divorced from their physical environment; mares that would typically form 
stable groups are instead demonstrating behavior akin to a fission-fusion society 
(Rubenstein 1986, Nuñez et al. 2009). Therefore, this system provides a rare opportunity 
to examine how female behavior and ecological factors may act separately or in 
interaction to drive male behavior. While visibility, home range size, and home range 
overlap do not encompass the full range of ecological variables that can influence animal 
behavior, they have been shown to be particularly important in determining stallion 
behavior and provide a platform for examining the effects of the surrounding 
environment (Rubenstein 1981). Our data suggest that while both the social and physical 
environment influence male behavior, ecological factors may have a greater impact on 
the means by which males retain access to females (i.e. through herding of females and 
contests with rival males) than does female behavior itself. Future studies of similar 
populations (McShea et al. 1997, Ransom et al. 2010, Duncan et al. 2017), with larger 
sample sizes and long-term data have the potential to improve our understanding of how 
these factors influence the expression (and possibly the evolution) of male mating 
strategies. 
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While we provide evidence that ecological factors like visibility and home range 
overlap play an important role in determining how males respond to changes in female 
behavior, much work remains to be done. Future studies should consider forage and 
water use and availability across seasons as these are dynamic factors that are likely to 
influence both male and female behavior (Feist and McCullough 1976, Miller 1983, Marr 
1996, Manning and McLoughlin 2017). Furthermore, more intensive sampling of band 
locations to improve home range estimates, and use of more nuanced overlap calculations 
would allow for a clearer interpretation of how home range size and overlap influence 
males’ intra- and inter-band interactions (Linklater et al. 2000, King 2002, Fieberg and 
Kochanny 2005, Börger et al. 2006). It is also important to note that while the extent of 
home ranges is strongly dictated by facets of the physical environment like food and 
water distribution (Feist and McCullough 1976, Miller 1983, Manning and McLoughlin 
2017), it can also be influenced by social factors such as dominance status (Höjesjö et al. 
2007, Murray et al. 2007). How home range size and overlap represent an interaction 
between the social and physical environment should be considered when using these 
measures to assess the effects of the surrounding environment on behavior. Comparative 
studies in diverse environments with varying population densities may provide more 
generalizable conclusions about the influences of ecological factors on male behavior 
under different conditions. 
Management Implications 
While previous work has demonstrated the impacts of PZP on treated females in 
feral horses, white-tailed deer, and elk, this is one of only a few studies to explore the 
potential consequences of immunocontraception management for non-target individuals 
(Ji et al. 2000, Poiani et al. 2002, Gray and Cameron 2010, Druce et al. 2013). If 
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behavioral changes among treated females are likely to alter the behavior of untreated 
animals, we may need to reevaluate how we assess the behavioral impacts of 
immunocontraception. Our results show that increased mare group-changing behavior 
leads to increases in male-male competition and vigilance. Given the increased group 
changing among contracepted mares (Nuñez et al. 2009, Nuñez et al. 2017), it stands to 
reason that PZP-treated mares could have a disproportionate effect on these male 
behaviors. These results are not anomalous: indirect impacts of fertility control on male 
behavior have been demonstrated in three western horse populations in addition to 
brushtail possums (Trichosurus vulpecula) and eastern grey kangaroos (Macropus 
giganteus) (Ji et al. 2000, Poiani et al. 2002, Ransom et al. 2010). Compared to 
alternatives like gathers and removals, PZP is one of the best available options for 
controlling feral horse populations because it is generally highly effective, reversible, 
safe for pregnant animals, and relatively cost effective (Kirkpatrick et al. 1996, 
Kirkpatrick et al. 2009). However, when possible, care should be taken to develop 
management strategies that consider and attempt to minimize unintended consequences. 
Furthermore, as new methods of controlling these populations are developed (Ransom et 
al. 2014, Hall et al. 2016, Collins and Kasbohm 2017), behavioral consequences for 
target animals and their associates should be monitored to ensure animal welfare and 
effective management.  
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Table 1. Spearman rank correlations between response variables of interest and male 
rank. 
Response variable Correlation with male rank (ρ) P 
Male-male contests -0.179 0.371 
Average contest escalation 0.083 0.679 
Male-female aggression 0.177 0.377 
Reproductive behavior 0.180 0.370 
Vigilance 0.184 0.367 
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Table 2. Summary of the final mixed effects models describing the effects of explanatory variables on each male behavior of interest 
(fixed effects only). Significant main effects are in bold. 
 
Response variable Explanatory variable Estimate SE t P 
Male-male contests Group changes per day 0.058 0.02 3.13 0.003 
 Male age 0.076 0.02 3.33 0.002 
Average contest escalation Group changes per day 0.035 0.01 2.28 0.029 
 Male age 0.050 0.02 2.65 0.012 
Male-female aggression Visibility 0.804 0.30 2.66 0.013 
Reproductive behavior Male age -0.053 0.04 -1.47 0.156 
Vigilance Group changes per day 0.048 0.02 2.62 0.014 
 Average female age -0.048 0.02 -2.15 0.039 
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Figure 1. Examples of (a) vigilant and (b) relaxed stances. 
 
 
 
(b) 
(a) 
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Figure 2. The effect of the number of female group changes that males experienced per 
day on various male behaviors: (a) the number of male-male contests per day, (b) the 
average escalation of contests, and (c) the percentage of time spent vigilant (all response 
variables are log transformed). All response variables increased as the number of group 
changes increased. Shaded bands represent 95% confidence intervals. Points are jittered 
to allow clear visualization of all males observed. 
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Supplementary Material 
Description of escalation scores for male-male contests (Hynes 1998): 
1. Visual displays including parallel prance, pawing the ground, neck arch, and 
approach-retreat without physical contact. 
2. Olfactory assessment including nose-to-nose and nose-to-genital contact and fecal 
pile sniff without physical contact. 
3. Auditory assessment using aggressive male vocalizations called squeals. 
4. Low intensity physical contact including pushing and kick threats. 
5. Moderate intensity physical contact including hind and front kicks that may result 
in injury. 
6. High intensity physical contact including biting and rearing while kicking with 
front legs that are likely to result in injury. 
 
3
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Table S1. Summary of the final mixed effects models describing the effects of explanatory variables on each male behavior of interest 
(fixed effects only) for analyses including only those males for which home ranges could be estimated (n = 17). Significant main 
effects are in bold. 
 
Response variable Explanatory variable Estimate SE t P 
Male-male contests Group changes per day 0.048 0.02 2.43 0.024 
 Home range overlap 1.430 0.49 2.93 0.008 
Average contest escalation Home range overlap 3.505 1.20 2.93 0.008 
Male-female aggression Average female age -0.545 0.22 -2.43 0.023 
Reproductive behavior Group changes 0.048 0.02 1.90 0.071 
 # of adult females in band 0.184 0.09 1.94 0.065 
Vigilance Home range size 1.017 0.60 1.70 0.114 
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Figure S1. The effect of home range overlap (the percentage of a stallion’s home range 
that overlaps with other home ranges) on various male behaviors: (a) the number of male-
male contests per day (log transformed) and (b) the average escalation of contests. Both 
response variables increased as the degree of home range overlap increased. Shaded 
bands represent 95% confidence intervals. Points are jittered to allow clear visualization 
of all males observed.  
41 
CHAPTER 3.    HELLO, HORSE: MALE RESPONSES TO PLAYBACKS ARE 
DEPENDENT ON SOCIAL CONTEXT IN FERAL HORSES 
Modified from a manuscript for submission to the journal Animal Behaviour 
Maggie M. Jonesa and Cassandra M.V. Nuñeza 
aDepartment of Natural Resource Ecology and Management, Iowa State 
University, Ames, IA 50011, USA 
Abstract  
 Management tools like immunocontraception can alter the behavior of target 
animals, but the extent to which they may affect non-target individuals has received much 
less attention. The feral horse population on Shackleford Banks, NC is an ideal system 
with which these questions may be explored, as management of the population with the 
immunocontraceptive agent porcine zona pellucida (PZP) has resulted in an increased 
propensity for females to change social groups and thus, decreased social stability. Here, 
we use playbacks of aggressive male vocalizations (squeals) and human voices (reciting 
“hello horse”) as controls to assess changes in stallion responses to male rivals versus 
socially irrelevant stimuli in the context of female turnover. Males spent more time 
vigilant and were more likely to approach the speaker following squeal playbacks than 
controls. While there was no effect of the total number of female group changes a male 
experienced, males’ latency to return to normal behaviors and time spent vigilant varied 
depending on whether the playback was conducted before, during, or after group changes 
occurred. These findings suggest that the short-term context of mare turnover impacts 
stallion responsiveness to rivals and that playback experiments are a useful tool in 
studying feral horse behavior in the wild. 
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Introduction 
 In the United States, feral horses (Equus caballus) are protected under federal law 
and are valued by much of the public for their historical and cultural associations (United 
States Congress 1971). However, with few predators, feral horse populations have 
expanded rapidly (Garrott et al. 1991, Turner et al. 1992, Turner and Morrison 2001, 
DOI-OIG 2010), coming into conflict with human land use practices and certain native 
species (Beever and Brussard 2000, Levin et al. 2002). As such, feral horses present a 
unique management concern. In lieu of traditional management practices like gathers and 
removals that tend to be costly, ineffective, and unpopular with the public, fertility 
control, and in particular the immunocontraceptive agent porcine zona pellucida (PZP), 
has become a popular option for managing feral horses and other ungulate populations 
(Kirkpatrick and Turner 1991, Kirkpatrick et al. 1997, McShea et al. 1997, Heilmann et 
al. 1998, National Research Council 2013).  
 In social species like the horse, maintenance of natural behaviors is an important 
consideration for managers trying to preserve the health and wellbeing of populations. 
Impacts of PZP on the behavior and physiology of treated mares have been explored in 
several populations (Kirkpatrick et al. 1996, Powell 1999, Turner and Kirkpatrick 2002, 
Nuñez et al. 2009, Nuñez et al. 2010, Ransom et al. 2010, Madosky 2011, Nuñez et al. 
2014), yet consequences of this management tool for non-target conspecifics have 
received considerably less attention (Ransom et al. 2010). Feral horses live in bands, 
which are social groups of one or sometimes multiple stallions, one or more associated 
females, and their offspring (Feist and McCullough 1976, Rubenstein 1981). Given this 
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complex social structure, changes in the behavior of one individual are likely to affect the 
behavior of its associates. The potential effects of changes in the behavior of PZP-treated 
mares on their associates are important to consider if managers aim to preserve more 
naturally functioning feral horse populations.  
 PZP was used to manage the feral horse population on Shackleford Banks, NC 
between 2000 and 2009. In this population, mares treated with PZP change bands up to 
ten times more often than untreated mares (Nuñez et al. 2009). Despite suspension of 
PZP administration in 2010, mares previously treated with PZP experience prolonged 
subfertility and still exhibit this increased group changing behavior (Nuñez et al. 2017, 
see chapter 1). These changes to female behavior have decreased the typically high 
degree of social stability that characterizes feral horse bands (Klingel 1975, Madosky 
2011). Generally, contests between intruding and resident stallions are won by the 
resident; furthermore, in fights to regain mares separated from the band, the females are 
usually recovered (Feist and McCullough 1976, Rubenstein 1981). However, mare 
retention is now destabilized in the Shackleford population (Nunez et al. 2017), 
increasing male-male competition in this population (see chapter 1). Such changes in 
male competition are not unique to feral horses: similar decreases in social stability have 
been associated with increases in male aggression in other species including ring-tailed 
lemurs (Lemur catta) and gray-cheeked mangabeys (Lophocebus albigena) (Cavigelli 
and Pereira 2000, Arlet et al. 2009).  
In feral horses, vocalizations are commonly used in a number of social contexts 
including mating, aggression, and the formation of social bonds, with different types of 
vocalizations containing varying social information (Feist and McCullough 1976, Proops 
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et al. 2009, Yeon 2012). Specifically, squeals are often used during contests between 
rival males and indicate dominance status, with more dominant stallions emitting longer 
and more forceful squeals than subordinates (Rubenstein and Hack 1992). Most male-
male contests are characterized by a typical sequence of behaviors, beginning with 
approaches, olfactory assessment, and acoustic signaling (Feist and McCullough 1976, 
Miller 1981, Hynes 1998). If contests become escalated, these assessments are followed 
by physical contact ranging from pushing to kicking and biting (Feist and McCullough 
1976, Rubenstein and Hack 1992). As squeal vocalizations are a clear indicator of male-
male conflict, they may be used to experimentally assess how males respond to signals 
from intruding males, including whether or not they choose to engage rivals and how 
escalated the response becomes. 
Here, we use experimental playback of squeals to determine how stallions with 
varying levels of experience with female group changing behavior respond to these 
aggressive signals. To our knowledge, ours is the first experiment to assess the effects of 
female turnover on male competition in a natural setting. We predicted that all stallions 
would respond more aggressively toward squeal playbacks than unrelated control stimuli 
(human voices), regardless of experience with female turnover. We also hypothesized 
that stallions experiencing more female group changes would exhibit heightened 
responses to squeal playbacks. We expected these males to approach the speaker more 
often and to exhibit decreased latency to respond, prolonged vigilance, and an increased 
latency to return to their normal behaviors when compared to stallions experiencing 
fewer group changes. Because variation in habitat visibility is likely to affect male 
competition and vigilance (Rubenstein 1981), we quantified visibility at each trial site. 
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This experiment provides a more complete understanding of the influence of female 
behavior on male competition. Furthermore, it provides insights into how playback 
experiments can be implemented as useful tools to assess feral horse behavior. Because 
mares previously treated with PZP demonstrate prolonged decreases in fidelity (Nuñez et 
al. 2017, Jones and Nuñez unpublished data), investigating how increased female 
turnover affects male behavior will improve our understanding of the potential 
consequences of immunocontraception management for non-target animals. 
Methods 
Study Site and Subjects 
The focal population of feral horses lives on Shackleford Banks, a barrier island 
off the coast of North Carolina, USA. The island is approximately 15 km long and ranges 
from 0.2 to 1.2 km wide. As a part of Cape Lookout National Seashore, Shackleford 
Banks is visited by approximately 100,000 tourists annually (National Park Service 
2017). Therefore, the horses on the island are habituated to the presence of people. The 
study was conducted during the breeding season from May through August, 2017. We 
observed all band stallions and their females: 20 males and 69 females organized in 19 
bands. Most bands had one dominant stallion with the exception of one double-male 
band. 
PZP Contraception 
This feral horse population is federally protected under the Shackleford Banks 
Wild Horses Protection Act of 1997 and is managed jointly by the National Park Service 
and the Foundation for Shackleford Horses (United States Congress 1997). To maintain 
the population at the predetermined size of approximately 120 animals, the National Park 
Service began managing the population via immunocontraception in 2000. Designated 
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mares received initial and booster doses of PZP, which were administered annually from 
February through April. Injections contained 100 micrograms of PZP plus an adjuvant, 
and initial doses contained Freund's Complete Adjuvant, Modified, Mycobacterium 
butyricum (Calbiochem #344 289). Booster doses contained Freund's Incomplete 
Adjuvant (Sigma #F5506). In 2010 and 2011, when the NPS realized that some mares 
treated repeatedly experienced prolonged subfertility post-treatment, PZP treatment was 
suspended to allow the population to increase (Stuska, personal communication). 
Stimuli Acquisition  
Squeals made by stallions during male-male contests in a population of Misaki 
feral horses in Japan were recorded by L. Proops. Although stallions generally recognize 
familiar rivals using olfactory rather than auditory cues (Rubenstein and Hack 1992), we 
used recordings of males from another population to avoid any question of potential 
confounds related to individual recognition by Shackleford stallions. Recordings were 
collected using a Sennheisser ME66/K6 directional microphone attached to a Marantz 
PMD661 audio recorder at a sampling frequency of 44.1kHz and bit depth of 32 at 
distances between 5 and 30 m from the subjects. Seven high-quality recordings were 
chosen and used as auditory stimuli. 
Control recordings were made at Iowa State University. Seven adult males 
ranging in age from 22 to 68 (mean = 41) were recorded reciting the phrase “hello horse” 
using an AKG D790 microphone and a Focusrite Scarlett 18i8 preamp connected to a 
Dell Latitude E7470 PC. Recordings were captured using Audacity 2.1.3 (Audacity Team 
2017) at a sampling frequency of 44.1kHz and bit depth of 24. All squeal and control 
recordings were normalized to 75 dB in Praat (64-bit edition) (Boersma and Weenink  
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2017) and were standardized to play at the peak sound pressure of 98 dB at 1 m from the 
source (Proops et al. 2009).  
Playback Procedure 
All playback trials were conducted by a single observer (M. M. Jones). 
Vocalizations were played to all band stallions throughout the study, with each stallion 
receiving one squeal and one control playback, randomized in order with at least one day 
between trials. In the case of the double-male band, we presented the same squeal and 
control sounds to both males only once and recorded each male’s response separately. 
Historically, Shackleford has been defined by three distinct habitats: the East, 
which is flat and open with limited water sources (Marr 1996); the Mideast, which is also 
flat and open with more evenly distributed water sources (Rubenstein 1981); and the 
West, which contains two primary water sources and is dominated by high dunes and 
dense brush (Rubenstein 1981). Therefore, the East, Mideast, and West were treated as 
blocks to account for the effect of region on stallion responses. Within each region, 
stallions were randomly assigned to different pairs of control and squeal exemplars.  
Vocalizations were played on an Apple iPod Nano (2nd generation) connected to a 
small portable speaker (MIPRO MA-101C Personal PA System) hidden in vegetation 
approximately 20 m from the stallion. For each recorded exemplar, two minutes of 
silence were added before the vocalization to allow the observer time to move away from 
the speaker and out of sight of the stallion so as not to interfere with the subject’s 
response. After the two minutes of silence, the vocalization played twice with ten seconds 
of silence between iterations (Proops et al. 2009). To capture the stallion’s response, we 
conducted 15 minute focal samples (Altmann 1974) starting immediately after the first 
vocalization played and recorded the following: whether stallions responded in any way 
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to the stimulus, the latency to respond, whether stallions approached the speaker, length 
of vigilance behavior (characterized by ears erect and directed forward, head and neck 
held high, and eyes alert (Feist and McCullough 1976)), and the latency to return to 
normal behaviors (measured as the time between the initiation of any response and the 
return to normal behaviors (e.g. grazing, standing)). A total of 40 trials were conducted 
among six horses in the East, eight in the Mideast, and six in the West receiving one 
squeal and one control vocalization. 
Female Group Changing Data 
Study bands were located twice per week, and GPS location and group 
composition were noted. Individuals were identified using freeze brands, distinctive 
markings, coloration, and other identifying features. As witnessing group changing 
behavior by females was rare (n = 1), presence and absence of females in the band were 
noted to monitor this behavior. These data were used to calculate the number of group 
changes experienced by males (the number of times females entered or left a male’s 
band). To ensure that the animals were not disturbed by our presence, all observations 
were conducted from at least 15-20 meters away (as advised by the NPS (National Park 
Service 2004)). 
Assessing Visibility on Shackleford Banks 
We quantitatively assessed visibility across the island by conducting a viewshed 
analysis in ArcMap 10.4.1 (Alonso et al. 2012, Aben et al. 2017). Digital surface models 
were created using USGS LiDAR point cloud data to take both bare earth elevation and 
vegetation structure into account (U.S. Geological Survey 2015). GPS locations collected 
at every band sighting using Garmin eTrex 10 units were used as observer points, and an 
observer offset of 1.2 m was used as the average height of the horses (Stuska, personal 
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communication). The Visibility tool in ArcMap was then used to predict the cells visible 
from each point, and the number of visible cells was averaged across all points for each 
stallion to produce an average visibility score. 
Statistical Analysis 
We used generalized linear mixed-effects models in R (version 3.4.1) to examine 
how female group changing behavior influenced male responses to playbacks (R 
Development Core Team 2017). Playback type (squeal or control), female turnover rate, 
and the timing of playback trials with regard to group changes were used as explanatory 
variables. Female turnover rate was calculated as the total number of group changes 
males experienced divided by the total time (expressed as observation days, or 12 hour 
periods) they were surveyed. Playback timing was determined by classifying each trial as 
occurring before the stallion experienced a female group change (weeks 1-2), during a 
group change (weeks 3-4), or after a group change (weeks 5-10) (Figure 1). Interactions 
between playback type and female turnover rate as well as playback type and playback 
timing were included to assess whether experience with female group changes altered 
male responses to all stimuli or only relevant cues from potential rivals. 
All response variables were analyzed independently due to small sample size and 
the combination of binary (whether stallions responded to the stimulus and whether they 
approached the speaker), and continuous variables (response latency, length of vigilance 
behavior, and latency to normal). Binary response variables were analyzed using models 
with binomial distributions, while models with normal distributions were used for 
continuous variables. 
The models also included male age, average female age (within bands), and the 
average number of adult females present as fixed effects as these factors are also likely to 
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affect male behavior (Berger 1977, Vervaecke et al. 2007, Nuñez et al. 2017). Visibility 
was included in the models to determine whether habitat openness affects how males 
respond to the stimuli. All models included stallion identity as a random effect to control 
for pseudo-replication. Best fit models were simplified using backwards elimination, 
removing terms with P-values > 0.1.  In the final models, predictor variables were 
considered significant if P < 0.05. 
Results 
Males were more likely to approach the speaker (Figure 2; estimate = 2.325, SE = 
1.13, z = 2.06, P = 0.039) and spent more time vigilant (Figure 3; estimate = 12.431, SE 
= 4.56, t = 7.42, P = 0.016) following squeal playbacks than control trials. The 
probability of showing any response and the response latency did not differ based on the 
type of playback trial (all P-values > 0.2).  
Main effects of the number of group changes males experienced per day and 
interactions between this variable and playback type were dropped from all final models 
(all P-values > 0.4), indicating that the rate of female turnover did not affect male 
responses to either stimulus. 
There was a significant interaction between playback type and playback timing 
with regard to female group changes (before, during, or after a male experienced a group 
change) in the final model for latency to return to normal behaviors (Figure 4; P = 0.025). 
Tukey post-hoc pairwise tests revealed that males took significantly longer to return to 
normal following squeal trials than control trials after a group change (estimate = -
53.380, SE = 16.77, t = -3.18, P = 0.040), and there was a strong trend showing the same 
pattern for trials conducted during a group change (estimate = -23.232, SE = 7.68, t = -
3.03, P = 0.065). However, there was no difference in males’ latency to return to normal 
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between squeal and control trials conducted before a group change (estimate = 0.738, SE 
= 9.44, t = 0.08, P > 0.9). For vigilance, playback timing was dropped from the final 
model (P > 0.6), indicating that playback timing did not have a significant influence on 
the time males spent vigilant. However, the data trended in the predicted direction 
(Figure 5). 
Regarding the additional covariates, the number of adult females was the only 
factor retained in the final model predicting the probability of any response. While the 
effect was not significant, there was a trend by which males with more females in their 
bands were more likely to respond to all playbacks (estimate = 1.118, SE = 0.62, z = 
1.80, P = 0.072). Additionally, average female age and male age were retained in the 
final model predicting response latency. Males with younger females in their bands took 
longer to respond to playbacks than males with older females (estimate = -0.185, SE = 
0.09, t = -2.15, P = 0.048). Finally, older males tended to take longer to respond than 
younger males (estimate = 0.035, SE = 0.01, t = 2.13, P = 0.062). 
Discussion 
Here we show that males exhibit heightened responses to squeal playbacks 
compared to controls, and while the overall rate of female turnover does not affect those 
responses, responses to squeals do vary depending on the timing of female group 
changes. These context-dependent responses suggest that female group changing 
behavior can influence how males respond to rivals. On Shackleford Banks, females 
previously treated with PZP change bands more often than untreated females, interfering 
with the population’s social stability (Nuñez et al. 2009, Madosky 2011). This playback 
experiment provides a more controlled assessment of how this altered social context 
affects stallion response to rivals than can observation alone. While the impacts of 
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fertility control on the behavior of treated animals have been studied in a variety of 
species and populations (Hayes et al. 1996, McShea et al. 1997, Heilmann et al. 1998, 
Powell 1999, Ramsey 2007, Nuñez et al. 2009, Ransom et al. 2010, Madosky 2011), its 
consequences for non-target individuals have received considerably less attention (Ji et 
al. 2000, Poiani et al. 2002, Gray and Cameron 2010, Ransom et al. 2010, Druce et al. 
2013). Here we provide evidence that immunocontraception management can have 
indirect consequences for non-target males as altered female behavior can heighten 
males’ responses to signals from rivals. 
Among the response variables measured, males spent more time vigilant and were 
more likely to approach the speaker following squeal playbacks than control stimuli 
(Figure 1, Figure 2). Rubenstein and Hack (1992) found similar responses in stallion 
vigilance and likelihood of approach in their playback experiment investigating agonistic 
encounters among stallions. However, contrary to our expectations, the likelihood of any 
type of response and response latency did not differ between squeal and control trials. As 
horses are prey animals that respond to novel auditory stimuli as well as signals from 
conspecifics, it is important to consider which specific behaviors are relevant to the social 
context of interest when conducting playback experiments (Christensen et al. 2005). 
Vigilance and approaches are commonly demonstrated during male-male conflicts or 
when an intrusion by a rival is suspected, indicating that our playbacks served their 
intended purpose; males did engage, at least to some extent, in more typical contest 
behaviors following squeals than following control playbacks (Feist and McCullough 
1976, Miller 1981, Hynes 1998).   
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The rate of female group changes experienced by males did not explain 
significant variation in any of the measured response variables following squeal or 
control playbacks. Similarly, the likelihood of response, response latency, and likelihood 
of approach did not differ depending on whether the trial was conducted before, during, 
or after a group change by a female. These findings contradict our prediction that males 
experiencing more group changes would exhibit more heightened responses to squeal 
playbacks than those experiencing fewer group changes. Therefore, it seems that 
prolonged experience with female turnover does not necessarily alter immediate 
responses to signals from rival males.  
However, other responses to squeals appear to be influenced by female group 
changing behavior in the short-term. Males took longer to return to normal behaviors 
following squeals than controls but only when the playback was conducted during or 
after a group change by a female (Figure 3). This indicates that certain responses are 
context-dependent, with males exhibiting prolonged responses to signals from perceived 
rivals compared to random stimuli in the context of social instability. Furthermore, males 
tended to spend more time vigilant in response to squeals while experiencing a group 
change compared to less time vigilant before and after the group change (Figure 4). 
These data suggest that the immediate social context of female turnover heightens male 
vigilance, which may allow stallions to monitor conspecifics and guard mares against 
rival stallions during this period of instability (Guillemain et al. 2003, Li et al. 2012). 
It is important to note that the likelihood of response, response latency, and 
likelihood of approach did not differ depending on trial timing. Therefore, while some 
responses to playbacks are influenced by the context of female turnover, this effect 
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appears to be limited. The fact that long-term experience with female turnover did not 
affect male response and the limited effect of playback timing on male response is not 
unsurprising given the limitations of this experiment. This study was conducted over the 
course of a single season with each male receiving only one squeal and one control 
playback. In addition, we could not control for the behavioral context at the time of 
testing; therefore, unknown external factors could have affected stallions’ responses 
(Tyack 2009). Furthermore, we presented only auditory stimuli in this experiment, while 
a typical encounter between rival males would also include visual and olfactory stimuli 
that play a significant role in determining responses (Feist and McCullough 1976, Miller 
1981, Rubenstein and Hack 1992). The limitation of the auditory stimuli used here 
necessarily restrained stallions’ responses, potentially masking variation in the most 
aggressive behaviors that stallions would exhibit in response to intruders.  
 Moreover, our response measurements may not be precise enough to capture 
subtle variations in stallions’ responses to squeals. Transcribing responses as they 
occurred restricted our ability to note nuances such as laterality, subtle changes in ear 
positions, and nostril lifts, all of which have been noted as relevant responses to 
conspecifics in domestic horses (Austin and Rogers 2014, Wathan et al. 2015, Smith et 
al. 2016, Wathan et al. 2016). In future playback studies, video recordings that allow for 
more nuanced measurements of responses may be an important tool to reveal variation 
missed in the measurements reported here (McComb et al. 2000, Proops et al. 2009, 
Austin and Rogers 2014). 
 Stallions experiencing female group changes appear to show increased 
responsiveness to perceived rival males. The increases in latency to return to normal 
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behavior and vigilance during group changes suggest that this female behavior may 
impact conspecific monitoring and responses to rivals. However, this change in 
responsiveness seems to be highly context-dependent, with the immediate social context 
having a stronger influence on responses than exposure to chronic instability. Similar 
context-dependent changes in male behavior during periods of social instability have 
been observed in ring-tailed lemurs (Lemur catta); males became more aggressive on the 
day that females went into estrous than on the prior or following days (Cavigelli and 
Pereira 2000). As in our study, this short-term period of social instability altered male-
male interactions during that specific time-frame only. Because previously contracepted 
females change groups more often than other females (Nuñez et al. 2017, Jones and 
Nuñez unpublished data), males associated with such females are likely to exhibit this 
increased responsiveness more often than other males. Further, more nuanced exploration 
of these responses, perhaps in a more controlled setting, could reveal additional insights 
into the consequences of immunocontraception management for non-target animals. 
More generally, our results support the use of auditory playbacks to 
experimentally investigate behavior in free-living populations (Reby et al. 2005, Fischer 
et al. 2013). Our data reinforce the importance of carefully considering the context of 
both stimuli and response measurements to ensure playback designs truly focus on 
behaviors relevant to the question of interest (Sayigh et al. 1999, McGregor 2000). While 
playback experiments have been used extensively to assess domestic horse behavior 
(Lemasson et al. 2009, Proops et al. 2009, Lemasson et al. 2015, Smith et al. 2016, 
Wathan et al. 2016, Briefer et al. 2017), we posit that they are also a useful tool for feral 
horse behavior. They allow researchers to more precisely pinpoint causative relationships 
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than do interpretations of correlative data and may be especially valuable when the 
behaviors of interest are rarely observed in the wild (Rubenstein and Hack 1992, 
McComb et al. unpublished data). 
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Figure 1. Timeline for playback trial classification. 
 
 
 
 
 
 
Figure 2. Male approaches toward the speaker for squeal and control playback trials. 
Black bars represent males that did not approach the speaker; grey bars represent those 
that did approach. Males were more likely to approach the speaker during squeal trials 
than controls. 
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Figure 3. The amount of time (seconds) males spent vigilant following control and 
squeal playbacks. Males spent significantly more time vigilant following squeal stimuli 
than control stimuli. Segmented lines indicate means for each group.  
 
 
Figure 4. The length of time (seconds) between males’ initial response and their return to 
normal behaviors following squeal (blue) and control (pink) playbacks conducted before, 
during, or after a female entered or left their group. Males took longer to return to normal 
after squeals compared to control trials during and after experiencing a group change. 
Segmented lines indicate means for each group. 
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Figure 5. The amount of time (seconds) males spent vigilant following squeal playbacks 
conducted before, during, or after a female entered or left their group. The difference was 
not significant (P > 0.6), however stallions responded in the predicted direction. 
Segmented lines indicate means for each group.  
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CHAPTER 4.    FINICKY FEMALES AND STRESSED OUT STALLIONS: 
FEMALE TURNOVER INCREASES MALE FECAL CORTISOL LEVELS IN 
FERAL HORSES 
Modified from a manuscript for submission to the journal General and Comparative 
Endocrinology 
Maggie M. Jonesa and Cassandra M.V. Nuñeza 
aDepartment of Natural Resource Ecology and Management, Iowa State University, 
Ames, IA 50011, USA 
Abstract 
Stress responses can be triggered by a number of physical and social factors, 
prompting physiological reactions including increases in glucocorticoid concentrations. 
In a population of feral horses (Equus caballus) on Shackleford Banks, North Carolina, 
females previously treated with the immunocontraceptive agent porcine zona pellucida 
(PZP) change social groups (bands) more often than untreated females, disrupting the 
social stability within the population. We assessed the effects of increased female 
turnover on male stress by comparing fecal cortisol levels among stallions experiencing 
varying rates of female group changing behavior. Males experiencing high rates of 
female turnover exhibited higher cortisol levels than those experiencing lower rates of 
turnover. However, cortisol concentrations were not dependent on the timing of female 
group changing behavior, suggesting that this social instability may act as a chronic, 
rather than acute, stressor for stallions. These findings have important implications for 
feral horse management: males more often associating with females previously treated 
with PZP are likely at higher risk of chronic stress. Our results suggest that 
immunocontraception management can have physiological consequences for non-target 
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animals; this is an important consideration if maintaining animal welfare and naturally 
functioning populations is a management goal. 
Key words: cortisol, Equus caballus, female turnover, immunocontraception, stress 
response 
Introduction 
The mammalian stress response can be triggered by various social stimuli, from 
dominance contests to territorial intrusions, presenting a potential cost of group living 
(Creel et al. 2013). Experiencing such stressors prompts a multi-faceted physiological 
response that includes an increase in cortisol levels (Mostl and Palme 2002). This is 
beneficial when experienced over a short period of time; for example, it can trigger 
behavioral responses that allow animals to avoid or escape potentially dangerous 
situations (Mostl and Palme 2002, Sapolsky 2005). However, chronic stress can be 
detrimental to an animal’s health, possibly resulting in lower fertility, suppressed immune 
responses, and neurological defects (Sapolsky 2005). 
 Such effects of social stimuli on physiological stress may be more pronounced in 
highly social species like feral horses (Equus caballus), which live in groups, called 
bands, consisting of one or sometimes multiple stallions, one or more females, and their 
offspring (Feist and McCullough 1976, Rubenstein 1981). These bands are typically 
stable, with females staying with the same male (band stallion) for most of their adult 
lives (Klingel 1975). However, this social stability has been disrupted in a population of 
feral horses on Shackleford Banks, a barrier island off the coast of North Carolina, which 
was managed with the immunocontraceptive agent porcine zona pellucida (PZP) from 
2000 to 2009. PZP has become a popular management option for a number of social 
species including feral horses, white-tailed deer, and elk (Kirkpatrick et al. 1997, McShea 
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et al. 1997, Heilmann et al. 1998, Ransom et al. 2010). On Shackleford, females treated 
with PZP change bands up to ten times more often than untreated females, resulting in a 
decrease in band stability within the population (Nuñez et al. 2009, Madosky 2011). 
Although active PZP treatment has been largely suspended, previously treated females 
experiencing prolonged subfertility continue to demonstrate this increased group 
changing behavior (Nuñez et al. 2017, Jones and Nuñez unpublished data). Females 
exhibit increased cortisol levels during group changes, and those making two or more 
group changes continue to show higher cortisol levels up to two weeks after their last 
group change (Nuñez et al. 2014). However, the potential effects of increased female 
turnover on the physiology of these mares’ associates have not yet been examined. 
Facets of the social environment including social instability, aggression, presence 
of estrous females, and population density have been linked to increased stress levels in 
several species (Lynch et al. 2002, Arlet et al. 2009, Creel et al. 2013). In such species, 
social instability, which can arise during the mating season, when new individuals 
immigrate into social groups, or when dominance hierarchies are unstable, often produces 
increased cortisol levels among males, likely due to increased competition for access to 
females (Lynch et al. 2002, Sands and Creel 2004, Arlet et al. 2009). For example, in 
gray-cheeked mangabeys (Lophocebus albigena), male-male aggression and the presence 
of females in estrus are correlated with elevated cortisol levels, and immigrant males 
exhibit higher levels than residents (Arlet et al. 2009). Similar periods of social instability 
are experienced by the feral horses on Shackleford Banks when previously treated 
females immigrate into or emigrate from different bands at high rates (Nuñez et al. 2009, 
Madosky 2011). Additionally, females previously treated with PZP continue to cycle 
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throughout the breeding season without becoming pregnant, which may add to the 
inherent instability of the breeding season (Nuñez et al. 2010, Ransom et al. 2010). These 
periods of instability are likely to trigger stress responses not only among group changing 
females, but also among members of affected bands, particularly the band stallions.  
Furthermore, stallions exhibit higher levels of harassment toward treated 
compared to untreated mares on Shackleford (Madosky 2011). Moreover, changes in the 
predictability of female movement and strength of female choice with increased group 
changing behavior can result in increased intrasexual competition among males; such 
activity has been documented in the Shackleford population (Rubenstein 1986, Wong and 
Candolin 2005, Bro-Jorgensen 2011, see chapter 1). Such increases in male aggression 
are often associated with elevated cortisol levels in other species (Huhman et al. 1991, 
Overli et al. 1999, Muller and Wrangham 2004). If male-female and/or male-male 
aggression increase in response to increased mare turnover, competing males may exhibit 
similar increases in cortisol.  
Such effects of social behavior on stress levels do not occur in isolation, however. 
For example, aspects of the physical environment, such as habitat visibility, can influence 
both individual behavior (Rubenstein 1981) and physiological responses (Sheriff et al. 
2012). In feral horses, habitat visibility has been shown to affect male mate guarding 
behavior and territorial defense (Rubenstein 1981). Additionally, in arctic ground 
squirrels (Urocitellus parryii), individuals in open habitats exhibited higher fecal cortisol 
levels than did those in closed habitats, potentially due to an increase in perceived 
predation risk in high visibility areas (Sheriff et al. 2012). Effects of the physical 
environment should therefore be considered when assessing animals’ stress responses. 
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We aim to determine whether stallions experiencing group changing behavior 
and/or exhibiting energetically costly behaviors to retain mares have higher stress levels 
and are in worse overall physical condition. To this end, we assessed the relationships 
between cortisol levels, body condition, male-male aggression, and the number of female 
group changes experienced by stallions. We hypothesized that stallions experiencing 
higher rates of female turnover would have higher cortisol levels and lower body 
condition scores than those experiencing fewer group changes. We also predicted that 
there would be a positive effect of male-male contest rate on cortisol levels. Finally, we 
hypothesized that males in high visibility areas, where they can more easily and 
consistently see rivals, would have higher cortisol levels than those in low visibility 
areas. Given the effects of PZP contraception on mare behavior (Nuñez et al. 2009, 
Nuñez et al. 2017), we aim to provide a broader understanding of the potential behavioral 
and physiological consequences of immunocontraception management on non-target 
animals.  
Methods 
Study Site and Subjects 
The focal population of feral horses lives on Shackleford Banks, a barrier island 
off the coast of North Carolina, USA. The island is approximately 15 km long and ranges 
from 0.2 to 1.2 km wide. As a part of Cape Lookout National Seashore, Shackleford 
Banks is visited by approximately 100,000 tourists annually (National Park Service 
2017). Therefore, the horses on the island are habituated to the presence of people. The 
study was conducted during two breeding seasons, June through July, 2016 and May 
through August, 2017. In both years, we observed all band stallions and their females: 21 
males and 70 females organized into 18 bands, and 20 males and 69 females organized 
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into 19 bands in 2016 and 2017, respectively. Most bands had one dominant stallion with 
the exception of two double-male bands in 2016 and one double-male band in 2017. 
PZP Contraception 
This feral horse population is federally protected under the Shackleford Banks 
Wild Horses Protection Act of 1997 and is managed jointly by the National Park Service 
and the Foundation for Shackleford Horses (United States Congress 1997). To maintain 
the population at the predetermined size of approximately 120 animals, the National Park 
Service began managing the population via immunocontraception in 2000. Designated 
mares received initial and booster doses of PZP, which were administered annually from 
February through April. Injections contained 100 µg of PZP plus an adjuvant, and initial 
doses contained Freund's Complete Adjuvant, Modified, Mycobacterium butyricum 
(Calbiochem #344 289). Booster doses contained Freund's Incomplete Adjuvant (Sigma 
#F5506). In 2010 and 2011, when the NPS realized that some mares treated repeatedly 
experienced prolonged subfertility, PZP treatment was suspended to allow the population 
to increase (Stuska, personal communication).  
Behavioral Data 
Study bands were located twice per week, and GPS location and group 
composition were noted. Individuals were identified with freeze brands, distinctive 
markings, coloration, and other identifying features. As witnessing group changing 
behavior by females was rare (n = 1), presence and absence of females in each band were 
noted to monitor this behavior. These data were used to calculate the number of group 
changes experienced by males (the number of times females entered or left a male’s 
band).  
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In addition, we conducted 15 minute focal samples to assess stallion activity 
budgets (Altmann 1974). Instances of rare behaviors such as male-male, male-female, 
and female-female aggression, female guarding (herding and chasing) by males, and 
reproductive interest (copulation, mounting, genital sniffing, and rump rubbing (Nuñez et 
al. 2009)) initiated by and directed toward stallions by both previously treated and 
untreated mares were recorded ad libitum (Altmann 1974). To ensure that the animals 
were not disturbed by our presence, all observations were conducted from at least 15-20 
meters away (as advised by the NPS (National Park Service 2004)).    
Visibility 
We quantitatively assessed visibility across the island as this factor may influence 
male behavior and interband conflict (Rubenstein 1981). Visibility was quantified 
through viewshed analysis in ArcMap 10.4.1 (Alonso et al. 2012, Aben et al. 2017). 
Digital surface models were created using USGS LiDAR point cloud data to account for 
both bare earth elevation and vegetation structure (U.S. Geological Survey 2015). GPS 
locations collected at every band sighting using Garmin eTrex 10 units were used as 
observer points, and an observer offset of 1.2 m was used as the average height of the 
horses (Stuska, personal communication). The Visibility tool in ArcMap was then used to 
predict the cells visible from each point, and the number of visible cells was averaged 
across all points for each stallion to produce an average visibility score. 
Non-invasive Fecal Sampling 
We collected fecal samples in 2016 and 2017 as in Nuñez et al. (2014). Samples 
were collected ad libitum (Altmann 1974) and only when we visually confirmed the 
animal’s identity and the sample’s location on the ground. We collected samples within 
minutes of defecation and stored them in 20 ml vials at a 2.5:1 ratio of 95% ethanol to 
72 
feces (Khan et al. 2002). When possible, we collected 2 samples per fecal deposit. 
Samples were stored in a cooler (from 1–5 days) until they were taken off the island and 
frozen at -80°C. Samples were shipped to Iowa State University on dry ice. We collected 
a total of 171 samples from adult males (85 samples from 17 males in 2016 and 86 
samples from 18 males in 2017). 
Hormone Analysis   
We extracted cortisol from samples using methods adapted from Kozlowski et al. 
(2018). Ethanol was evaporated from the samples, and 0.5 g of dry fecal matter was then 
vortexed into a 50/50% methanol/extraction buffer solution and shaken for approximately 
16 hours at 200 RPM. Samples were then centrifuged for one hour at 4,000 RPM, after 
which the supernatant was removed and stored at -80 °C until assay.  
Cortisol levels were analyzed using the Enzo Cortisol ELISA kit (ADI-901-071, 
Enzo Life Sciences Inc., Farmingdale, NY 11735). This protocol is designed to create an 
immunological reaction between the cortisol in dried fecal samples, a monoclonal 
antibody to cortisol, and alkaline phosphatase conjugated with cortisol. Given this 
reaction, an increase in the cortisol concentration in the sample causes a decrease in 
signal and vice versa. A standard curve generated using a cortisol stock solution was used 
to calculate the amount of cortisol in the samples. All samples were run in duplicate, and 
reruns were performed for any duplicates with a CV greater than 15%. We validated the 
assay as in Brown et al. (2003). A serial dilution of a stallion fecal pool showed 
parallelism to the cortisol standard curve (Linear Model; Cortisol concentration 
(pg/mL)*Sample type (standard or pool): F1,8 = 0.47, P = 0.51). Intra- and inter-assay 
coefficients of variation (%CV = [SD/mean] × 100) were 5.5 ± 0.5% (mean ± SE) and  
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5.0%, respectively (n = 7). Mean assay accuracy (observed/expected * 100) was 102 + 
6.0. 
Body Condition 
We visually assessed body condition through rump scoring, using a scale of one 
to five similar to that described by Rudman and Keiper (1991). All stallions were scored 
an average of 2.3 + 0.2 times in 2016 and 3.8 + 0.3 times in 2017. 
Statistical Analysis 
We used general linear mixed effects models in R (version 3.4.1) to examine how 
female behavior influenced male physiology (R Development Core Team 2017). The 
cortisol concentration of each sample (ng cortisol/g feces) was averaged across the two 
samples collected for each fecal deposit, resulting in a total sample size of 91. This 
average cortisol concentration was used as the response variable for the models.  
Female turnover rate and the timing of samples with regard to group changes 
were used as explanatory variables. A second model used male-male contest rate and the 
timing of samples with regard to contests. Female turnover rate was calculated as the 
total number of group changes males experienced divided by the total time (expressed as 
observation days, or 12 hour periods) males were surveyed. Male contest rate was 
calculated as the total number of male-male contests males engaged in divided by the 
total number of observation days surveyed. Sample timing was determined by classifying 
each sample as collected before the stallion experienced a female group change or 
engaged in a contest with another stallion (weeks 1-2), during a group change or contest 
(weeks 3-4), or after the stallion experienced a group change or engaged in a contest 
(weeks 5-10) (Figure 1).  
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The models also included year, male age, average female age (within bands), and 
the average number of adult females present as fixed effects as these factors are also 
likely to affect male behavior and cortisol levels (Berger 1977, Ruisac et al. 1997, 
Vervaecke et al. 2007, Arlet et al. 2009, Nuñez et al. 2017). Visibility was included to 
determine whether this environmental factor affects male cortisol levels. We also 
included the time of day that samples were collected (expressed with the hour as an 
integer from 0 to 24 and minutes as fractional hours (e.g. 3:30 pm = 15.5)) as cortisol 
concentrations often follow diurnal patterns, with levels in domestic horses typically 
peaking in early morning and gradually decreasing throughout the day with lowest levels 
at night (Irvine and Alexander 1994, Sousa and Ziegler 1998). Finally, all models 
included stallion identity as a random effect to control for pseudo-replication. The 
significance level of 0.05 was used to evaluate the effects of predictor variables on male 
cortisol levels.  
While we also intended to use general linear mixed effects models to assess the 
effect of cortisol concentrations on stallion body condition, there was very little variation 
in body condition scores within the population (Figure 2). Therefore, we could not 
perform appropriate statistical tests. 
Results 
Males experiencing higher rates of female turnover exhibited higher cortisol 
levels, on average (Figure 3; estimate = 2.029, SE = 0.94, t = 2.17, P = 0.033). However, 
cortisol levels did not vary with female group change timing (before, during, or after a 
change) (F3,80 = 1.44, P = 0.237). There was also an effect of habitat visibility: males in 
areas of high visibility had lower fecal cortisol concentrations compared to those in areas 
of low visibility (Figure 4; estimate = -18.453, SE = 8.92, t = -2.07, P = 0.042). Finally, 
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there was an effect of year whereby overall cortisol levels were higher in 2017 than in 
2016 (Figure 5a; F1,80 = 16.39, P < 0.001). 
Neither male-male contest rate nor the timing of male-male contests affected 
cortisol concentrations (male-male contest rate: estimate = 3.158, SE = 2.44, t = 1.29, P = 
0.200; contest timing: F3,72 = 1.87, P = 0.143).  
Discussion 
Not only can prolonged exposure to social instability affect animals’ behavior, but 
it can also be integrated physiologically, particularly through the activation and alteration 
of hormonal production and pathways. In female rats, social instability can result in 
increased luteinizing hormone levels and disrupted estrus cycles; in male neotropical 
spotted antbirds (Hylophylax n. naevioides), social instability is associated with elevated 
testosterone levels (Wikelski et al. 1999, Herzog et al. 2009). In a number of species, 
including rats, yellow baboons (Papio cynocephalus), and chacma baboons (Papio 
hamadryas ursinus), social instability can lead to increases in glucocorticoids (Sapolsky 
1983, Alberts et al. 1992, Bergman et al. 2005, Herzog et al. 2009). Glucocorticoid 
concentration is the primary measure of activity of the hypothalamic-pituitary-adrenal 
(HPA) axis, and increases in glucocorticoids (including corticosterone and cortisol) are 
indicative of a stress response (Blanchard et al. 2001, Mostl and Palme 2002). Our 
findings are in line with this previous work: we show that stallions experiencing social 
instability, in this case increased female turnover, exhibit elevated fecal cortisol levels. 
Moreover, as mares previously treated with PZP continue to change bands more often 
than untreated females (Nuñez et al. 2017, Jones and Nuñez unpublished data), our data 
suggest that immunocontraception management can have an indirect impact on male 
stress physiology. 
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Stallions experiencing higher rates of female turnover also engage in male-male 
contests at a higher frequency and intensity than those experiencing lower rates of 
turnover (Jones and Nuñez unpublished data). As male-male conflict is associated with 
increased cortisol levels in other species such as red deer (Cervus elaphus), golden 
hamsters (Mesocricetus aurutus) and rainbow trout (Oncorhynchus mykiss) (Huhman et 
al. 1991, Overli et al. 1999, Pavitt et al. 2015), the increases in cortisol found here could 
be attributed to this change in stallion behavior. However, our data show that fecal 
cortisol concentrations do not differ based on the rate of male-male contests or the timing 
of these contests. Therefore, it seems that variation in stallion cortisol levels are more 
closely related to female turnover than they are to subsequent stallion behavior. An 
additional, albeit indirect, line of evidence supporting this result is that both rates of 
female turnover experienced by males (Figure 5b; F = 4.40, P = 0.048) and male cortisol 
levels (Figure 5a) were higher in 2017 than in 2016, even when accounting for the 
increase in male age. Overall, these results implicate female turnover (and the resulting 
social instability) in the elevated cortisol levels of Shackleford stallions.  
Visibility also influenced male cortisol levels, though in the opposite direction 
than expected, with males in low visibility areas having elevated cortisol concentrations 
compared to those in high visibility areas. Closed habitats hinder stallions’ ability to 
monitor conspecifics, including mares in their bands and rival stallions, potentially 
contributing to the social instability experienced by these stallions (Rubenstein 1981). If 
the perceived stability of bands decreases with lower visibility, this may contribute to 
increases in cortisol levels in males. Alternatively, it is more difficult for prey animals 
like horses to detect predators in areas of low visibility, resulting in a higher predation 
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risk in these habitats. Such increased predation risk often leads to higher stress levels 
(Boonstra et al. 1998, Clinchy et al. 2011). Although the Shackleford population does not 
experience predation, the increase in cortisol levels in closed habitats may be an 
evolutionary response to potential predation pressure (but see Sheriff et al. 2012). While 
the underlying mechanism behind the relationship between visibility and cortisol is 
unclear, our findings suggest that both female behavior and visibility influence male 
stress levels, demonstrating that social factors should be considered in concert with 
ecological factors when assessing changes in physiological stress. 
Contrary to our predictions, cortisol levels did not vary with the timing of fecal 
sample collection with regard to group changes by mares. The lack of a short-term, 
context-dependent effect suggests that female turnover may induce a chronic rather than 
acute stress response in stallions. These findings are in contrast with the effect of group 
transfers on mare stress physiology. On Shackleford, mares exhibit elevated fecal cortisol 
levels during group changes and maintain elevated cortisol for at least two weeks 
following the behavior (Nuñez et al. 2014). While this is suggestive of some lasting 
impact of group changing behavior on female stress, it is indicative of a more short-term 
response than that exhibited by stallions affected by this change in female behavior. 
Female group changes now occur in both the breeding and non-breeding seasons on 
Shackleford (Nuñez et al. 2009, Nuñez et al. 2017), and thus males may be subjected to 
this social disruption almost continuously with little reprieve. Such chronic stress can 
decrease animals’ responsiveness to acute stressors, downregulating glucocorticoid 
responses (Rich and Romero 2005). Therefore, the prolonged social instability of 
increased female turnover experienced by Shackleford males may induce chronic stress 
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responses that dampen changes in cortisol levels in a more context-dependent setting. 
While acute stress responses are common and often adaptive across taxa, chronic stress is 
generally accepted as having more detrimental impacts (Mostl and Palme 2002, Sapolsky 
2005, Creel et al. 2013), but see Ralph and Tilbrook (2016). Short-term increases in 
glucocorticoids can mobilize energy to assist in immediate responses to potential threats, 
increase food intake, and improve short-term learning and memory (Sapolsky et al. 2000, 
la Fleur et al. 2004, Lupien et al. 2009). However, chronic stress can lead to diseases such 
as insulin-resistant diabetes, depressive symptoms, learning and memory impairments, 
and interference with immune and reproductive function (Sapolsky et al. 2000, Tilbrook 
et al. 2000, de Kloet et al. 2005, Lupien et al. 2009). Furthermore, changes in 
glucocorticoid concentrations can alter the microbiome communities of wild animals, 
which can have important consequences for their health (Stothart et al. 2016, Noguera et 
al. 2018). 
The potential effects of the observed cortisol increases on stallion health are 
important to consider; however, we were unable to fully assess the effects of cortisol 
level on stallion physical condition. Based on the scoring technique used here (Rudman 
and Keiper 1991), there was very little variation in stallion body condition with most 
stallions scoring fairly high (mean = 3.5 + 0.1) on a scale from one to five. These results 
suggest that the observed increases in cortisol levels among males do not affect their 
overall body condition, and thus, do not have a detrimental impact on stallion health. 
However, elevated cortisol can lead to increased food intake and fat deposition, resulting 
in higher apparent body condition scores (Bjorntorp 2001, la Fleur et al. 2004). 
Furthermore, body condition scores may not accurately reflect stallion fitness. Recent 
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studies of sand lizards (Lacerta agilis) and crimson finches (Neochmia phaeton) suggest 
that body condition indices do not accurately predict individual fitness and its various 
components including reproductive success and survival (Dudek et al. 2015, Milenkaya 
et al. 2015).  
 Finally, the extent to which the changes in cortisol levels observed here are 
biologically relevant is unclear. Although the slopes of those changes are relatively 
shallow compared to the variability in the data, our models do estimate approximately a 
25% increase in cortisol levels across the observed range of female turnover rates (Figure 
3) and a 10% decrease across the range of visibility scores (Figure 4). Assessing whether 
this degree of change in cortisol concentrations may lead to significant biological changes 
for these animals, in either the short- or long-term, requires further investigation. 
Moreover, using conventional glucocorticoid concentration measurements through 
plasma, saliva, or fecal samples to assess animal welfare is not straightforward. The 
ultimate impact of changes in cortisol levels on animal welfare depends on the actions of 
the hormone within specific tissues and the physiological and behavioral consequences of 
those actions (Ralph and Tilbrook 2016). As mentioned, there are myriad ways in which 
cortisol can act on physiology and behavior, and the effects of increases in cortisol 
depend on the specific stressor and environment as well as the animal’s developmental 
stage, sex, and species (Tilbrook et al. 2000, Lupien et al. 2009, Ralph and Tilbrook 
2016). Field studies of natural stressors’ effects on cortisol levels, like this one, may be 
combined with laboratory studies concerning the impact of circulating cortisol on target 
tissues and neurological pathways in individuals of different sexes and developmental  
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stages to improve our understanding of the consequences of increased cortisol 
concentrations for animal health and welfare (Ralph and Tilbrook 2016).  
Nonetheless, our findings do suggest that immunocontraception management can 
have consequences for not only the behavior but also the physiology of non-target 
animals. The increase in fecal cortisol levels among stallions experiencing increased 
group changing behavior suggests that band instability triggers a potentially chronic 
stress response. As mares previously treated with PZP change groups more often, 
stallions associating with these mares are likely at higher risk of chronic stress. 
Management strategies that mediate impacts on the behavior and physiology of treated 
animals (Ransom et al. 2013, Nuñez et al. 2017) may in turn alleviate, or even prevent, 
such changes in the behavior and physiology of non-target individuals. 
Acknowledgements 
We thank Dr. Sue Stuska for her help in the field and for her additional data. We 
would also like to thank Dr. James Adelman for his indispensable statistical advice. We 
extend our gratitude to Rachel Schwartzbeck for all of her help in the field and lab and 
entering data. Finally, we thank Micah Fatka, Allison Jewel, Morgan Stuckenschneider, 
and Madison Stuckenschneider for their assistance in the field. This work was supported 
by the National Science Foundation Graduate Research Fellowship Program under Grant 
No. 1744592. Any opinions, findings, and conclusions or recommendations expressed in 
this material are those of the authors and do not necessarily reflect the views of the 
National Science Foundation. This work was also supported by Iowa State University 
(the College of Agriculture and Life Sciences and the Department of Natural Resource 
Ecology and Management interdepartmental funds to C.M.V.N.) and by USDA National  
 
81 
Institute of Food and Agriculture Hatch Multistate Funding (project IOW05509 to 
C.M.V.N.). 
References 
Aben J, Pellikka P, Travis JMJ. 2017. A call for viewshed ecology: Advancing our 
understanding of the ecology of information through viewshed analysis. Methods 
Ecol Evol. 9:624-633. 
Alberts SC, Sapolsky RM, Altmann J. 1992. Behavioral, endocrine, and immunological 
correlates of immigration by an aggressive male into a natural primate group. Horm 
Behav. 26:167-178. 
Alonso JC, Álvarez-Martínez JM, Palacín C. 2012. Leks in ground-displaying birds: 
Hotspots or safe places? Behav Ecol. 23:491-501. 
Altmann J. 1974. Observational study of behavior: Sampling methods. Behaviour. 
49:227-267. 
Arlet ME, Grote MN, Molleman F, Isbell LA, Carey JR. 2009. Reproductive tactics 
influence cortisol levels in individual male gray-cheeked mangabeys (Lophocebus 
albigena). Horm Behav. 55:210-216. 
Berger J. 1977. Organizational systems and dominance in feral horses in the Grand 
Canyon. Behav Ecol Sociobiol. 2:131-146. 
Bergman TJ, Beehner JC, Cheney DL, Seyfarth RM, Whitten PL. 2005. Correlates of 
stress in free-ranging male chacma baboons, Papio hamadryas ursinus. Anim Behav. 
70:703-713. 
Björntorp P. 2001. Do stress reactions cause abdominal obesity and comorbidities? Obes 
Rev. 2:73-86. 
Blanchard RJ, McKittrick CR, Blanchard DC. 2001. Animal models of social stress: 
Effects on behavior and brain neurochemical systems. Physiol Behav. 73:261-271. 
Boonstra R, Hik D, Singleton GR, Tinnikov A. 1998. The impact of predator-induced 
stress on the snowshoe hare cycle. Ecol Monogr. 68:371-394. 
Bro-Jørgensen J. 2011. Intra- and intersexual conflicts and cooperation in the evolution of 
mating strategies: Lessons learnt from ungulates. Evol Biol. 38:28-41. 
Brown J, Walker S, Steinman K. 2003. Endocrine manual for reproductive assessment of 
domestic and non-domestic species. Conservation and Research Center, Smithsonian 
National Zoological Park, (internal publication). 
82 
Clinchy M, Zanette L, Charlier TD, Newman AEM, Schmidt KL, Boonstra R, Soma KK. 
2011. Multiple measures elucidate glucocorticoid responses to environmental 
variation in predation threat. Oecologia. 166:607-614. 
Creel S, Dantzer B, Goymann W, Rubenstein DR, Boonstra R. 2013. The ecology of 
stress: Effects of the social environment. Funct Ecol. 27:66-80. 
de Kloet ER, Joëls M, Holsboer F. 2005. Stress and the brain: From adaptation to disease. 
Nat Rev Neurosci. 6:463-475. 
Dudek K, Sajkowska Z, Gawalek M, Ekner-Grzyb A. 2015. Using body condition index 
can be an unreliable indicator of fitness: a case of sand lizard Lacerta agilis 
Linnaeus, 1758 (Sauria: Lacertidae). Turk J Zool. 39:182-184. 
Feist JD, McCullough DR. 1976. Behavior patterns and communication in feral horses. Z 
Tierpsychol. 41:337-371. 
Heilmann TJ, Garrott RA, Cadwell LL, Tiller BL. 1998. Behavioral response of free-
ranging elk treated with an immunocontraceptive vaccine. J Wildlife Manage. 
62:243-250. 
Herzog CJ, Czéh B, Corbach S, Wuttke W, Schulte-Herbrüggen O, Hellweg R, Flügge G, 
Fuchs E. 2009. Chronic social instability stress in female rats: A potential animal 
model for female depression. Neuroscience. 159:982-992. 
Huhman KL, Moore TO, Ferris CF, Mougey EH, Meyerhoff JL. 1991. Acute and 
repeated exposure to social conflict in male golden hamsters: Increases in plasma 
POMC-peptides and cortisol and decreases in plasma testosterone. Horm Behav. 
25:206-216. 
Irvine CHG, Alexander SL. 1994. Factors affecting the circadian rhythm in plasma 
cortisol concentrations in the horse. Domest Anim Endocrin. 11:227-238. 
Khan MZ, Altmann J, Isani SS, Yu J. 2002. A matter of time: Evaluating the storage of 
fecal samples for steroid analysis. Gen Comp Endocr. 128:57-64. 
Kirkpatrick JF, Turner JW Jr, Liu IK, Fayrer-Hosken R, Rutberg AT. 1997. Case studies 
in wildlife immunocontraception: Wild and feral equids and white-tailed deer. 
Reprod Fertil Dev. 9:105-110. 
Klingel H. 1975. Social organization and reproduction in equids. J Reprod Fertil Suppl. 
23:7-11. 
Kozlowski CP, Clawitter HL, Thier T, Fischer MT, Asa CS. 2018. Characterization of 
estrous cycles and pregnancy in Somali wild asses (Equus africanus somaliensis) 
through fecal hormone analyses. Zoo Biol. 37:35-39. 
83 
la Fleur SE, Akana SF, Manalo SL, Dallman MF. 2004. Interaction between 
corticosterone and insulin in obesity: Regulation of lard intake and fat stores. 
Endocrinology. 145:2174-2185. 
Lupien SJ, McEwen BS, Gunnar MR, Heim C. 2009. Effects of stress throughout the 
lifespan on the brain, behaviour and cognition. Nat Rev Neurosci. 10:434-445. 
Lynch JW, Ziegler TE, Strier KB. 2002. Individual and seasonal variation in fecal 
testosterone and cortisol levels of wild male tufted capuchin monkeys, Cebus apella 
nigritus. Horm Behav. 41:275-287. 
Madosky, JM. 2011. Factors that affect harem stability in a feral horse (Equus caballus) 
population on Shackleford Banks island, NC. PhD. Thesis, University of New 
Orleans, New Orleans, LA. 
McShea WJ, Monfort SL, Hakim S, Kirkpatrick J, Liu I, Turner JW, Chassy L, Munson 
L. 1997. The effect of immunocontraception on the behavior and reproduction of 
white-tailed deer. J Wildlife Manage. 61:560-569. 
Milenkaya O, Catlin DH, Legge S, Walters JR. 2015. Body condition indices predict 
reproductive success but not survival in a sedentary, tropical bird. PloS One. 
10:e0136582. 
Möstl E, Palme R. 2002. Hormones as indicators of stress. Domest Anim Endocrin. 
23:67-74. 
Muller MN, Wrangham RW. 2004. Dominance, cortisol and stress in wild chimpanzees 
(Pan troglodytes schweinfurthii). Behav Ecol Sociobiol. 55:332-340. 
National Park Service. 2004. Horses of Shackleford Banks. 
https://www.nps.gov/calo/learn/nature/upload/horse2004_508_2018.pdf. (last 
accessed 2 July 2018). 
National Park Service. 2017. Cape Lookout NS (CALO) Special Report. 
https://irma.nps.gov/Stats/SSRSReports/Park%20Specific%20Reports/Park%20YTD
%20Version%202?Park=CALO. (last accessed 2 July 2018). 
Noguera JC, Aira M, Pérez-Losada M, Domínguez J, Velando A. 2018. Glucocorticoids 
modulate gastrointestinal microbiome in a wild bird. Roy Soc Open Sci. 5:171743. 
Nuñez CMV, Adelman JS, Carr HA, Alvarez CM, Rubenstein DI. 2017. Lingering 
effects of contraception management on feral mare (Equus caballus) fertility and 
social behavior. Conserv Physiol. 5:cox018. 
Nuñez CMV, Adelman JS, Mason C, Rubenstein DI. 2009. Immunocontraception 
decreases group fidelity in a feral horse population during the non-breeding season. 
Appl Anim Behav Sci. 117:74-83. 
84 
Nuñez CMV, Adelman JS, Rubenstein DI. 2010. Immunocontraception in wild horses 
(Equus caballus) extends reproductive cycling beyond the normal breeding season. 
PLoS One. 5:e13635. 
Nuñez CMV, Adelman JS, Smith J, Gesquiere LR, Rubenstein DI. 2014. Linking social 
environment and stress physiology in feral mares (Equus caballus): Group transfers 
elevate fecal cortisol levels. Gen Comp Endocr. 196:26-33. 
Øverli Ø, Harris CA, Winberg S. 1999. Short-term effects of fights for social dominance 
and the establishment of dominant-subordinate relationships on brain monoamines 
and cortisol in rainbow trout. Brain Behav Evolut. 54:263-275. 
Pavitt AT, Walling CA, Möstl E, Pemberton JM, Kruuk LEB. 2015. Cortisol but not 
testosterone is repeatable and varies with reproductive effort in wild red deer stags. 
Gen Comp Endocr. 222:62-68. 
R Development Core Team. 2017. R: a language and environment for statistical 
computing. Vienna, Austria: R Foundation for Statistical Computing. 
Ralph CR, Tilbrook AJ. 2016. Invited review: The usefulness of measuring 
glucocorticoids for assessing animal welfare. J Anim Sci. 94:457-470. 
Ransom JI, Cade BS, Hobbs NT. 2010. Influences of immunocontraception on time 
budgets, social behavior, and body condition in feral horses. Appl Anim Behav Sci. 
124:51-60. 
Ransom JI, Hobbs NT, Bruemmer J. 2013. Contraception can lead to trophic asynchrony 
between birth pulse and resources. PLoS One. 8:e54972. 
Rich EL, Romero LM. 2005. Exposure to chronic stress downregulates corticosterone 
responses to acute stressors. Am J Physiol. 288:R1628-R1636. 
Rubenstein DI. 1981. Behavioural ecology of island feral horses. Equine Vet J. 13:27-34. 
Rubenstein DI. 1986. Ecology and sociality in horses and zebras. In: Rubenstein DI, 
Wrangham RW, editors. Ecological Aspects of Social Evolution. Princeton, NJ: 
Princeton University Press. p. 282-302. 
Rudman R, Keiper RR. 1991. The body condition of feral ponies on Assateague island. 
Equine Vet J. 23:453-456. 
Ruisac MAW, Te Brakea JHA, Engelac B, Ekkela ED, Buistd WG, Blokhuisa HJ, 
Koolhaasb JM. 1997. The circadian rhythm of salivary cortisol in growing pigs: 
Effects of age, gender, and stress. Physiol Behav. 62:623-630. 
Sands J, Creel S. 2004. Social dominance, aggression and faecal glucocorticoid levels in 
a wild population of wolves, Canis lupus. Anim Behav. 67:387-396. 
85 
Sapolsky RM. 1983. Endocrine aspects of social instability in the olive baboon (Papio 
anubis). Am J Primatol. 5:365-379. 
Sapolsky RM. 2005. The influence of social hierarchy on primate health. Science. 
308:648-652. 
Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. 
Endocr Rev. 21:55-89. 
Sheriff MJ, Wheeler H, Donker SA, Krebs CJ, Palme R, Hik DS, Boonstra R. 2012. 
Mountain-top and valley-bottom experiences: The stress axis as an integrator of 
environmental variability in arctic ground squirrel populations. J Zool. 287:65-75. 
Sousa MBC, Ziegler TE. 1998. Diurnal variation on the excretion patterns of fecal 
steroids in common marmoset (Callithrix jacchus) females. Am J Primatol. 46:105-
117. 
Stothart MR, Bobbie CB, Schulte-Hostedde AI, Boonstra R, Palme R, Mykytczuk NCS, 
Newman AEM. 2016. Stress and the microbiome: Linking glucocorticoids to 
bacterial community dynamics in wild red squirrels. Biol Lett. 12:20150875. 
Tilbrook AJ, Turner AI, Clarke IJ. 2000. Effects of stress on reproduction in non-rodent 
mammals: The role of glucocorticoids and sex differences. Rev Reprod. 5:105-113. 
United States Congress. 1997. Shackleford Banks Wild Horses Protection Act. 105th 
Congress, Washington, DC. 
U.S. Geological Survey. 2015. USGS Lidar Point Cloud NC Sandy-L15 2014. U.S. 
Geological Survey. 
Vervaecke H, Stevens JMG, Vandemoortele H, Sigurjónsdóttir H, Vries HD. 2007. 
Aggression and dominance in matched groups of subadult Icelandic horses (Equus 
caballus). J Ethol. 25:239-248. 
Wikelski M, Hau M, Wingfield JC. 1999. Social instability increases plasma testosterone 
in a year-round territorial neotropical bird. Proc Biol Sci. 266:551-556. 
Wong BBM, Candolin U. 2005. How is female mate choice affected by male 
competition? Biol Rev Camb Philos Soc. 80:559-571. 
 
 
 
 
86 
 
 
 
 
 
 
 
 
 
 
Figure 1. Timeline for fecal sample classification. 
 
 
 
 
 
 
 
Figure 2. Range of body condition scores for stallions in 2016 and 2017. Stallions had an 
average body condition score of 3.5 + 0.1 on a scale from one to five. 
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Figure 3. Female group changing behavior and male fecal cortisol levels in 2016 (pink) 
and 2017 (blue). Male cortisol levels increased as the rate of female group changes 
increased. The shaded band represents the 95% confidence region. Points are jittered to 
allow clear visualization of all samples. 
 
 
Figure 4. Habitat visibility and stallion fecal cortisol concentrations in 2016 (pink) and 
2017 (blue). Cortisol levels decreased as habitat visibility increased. Shaded band 
represents the 95% confidence region. Points are jittered to allow clear visualization of all 
samples. 
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Figure 5. Differences in (a) fecal cortisol concentrations and (b) female turnover rates 
experienced by males by year. Cortisol levels and rates of female turnover were higher 
overall in 2017 than in 2016. Points are jittered to allow clear visualization of all (a) fecal 
samples and (b) individual stallions. 
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CHAPTER 5.    GENERAL CONCLUSIONS 
 While the effects of fertility control on the physiology and behavior of target 
animals have been widely studied (Kirkpatrick et al. 1996, Powell 1999, Turner and 
Kirkpatrick 2002, Nuñez et al. 2009, Gray and Cameron 2010, Nuñez et al. 2010, 
Ransom et al. 2010, Madosky 2011, Nuñez et al. 2014), its consequences for non-target 
animals have received less attention (Ji et al. 2000, Poiani et al. 2002, Gray and Cameron 
2010, Druce et al. 2013). Such impacts may be particularly important to consider in 
social species, as changes in individual behavior are likely to impact that animal’s 
associates. Feral horses (Equus caballus) are an ideal species to explore such issues. As a 
federally protected species simultaneously possessing cultural value and viewed as 
problematic due to conflicts with native wildlife and human land use practices, feral 
horses present a unique management concern (United States Congress 1971, Beever and 
Brussard 2000, Levin et al. 2002). In an effort to manage populations effectively and 
humanely, both the Bureau of Land Management and the National Park Service have 
looked to fertility control as an alternative to traditional gather and removal management 
strategies (National Research Council 2013). One such example is the use of the 
immunocontraceptive agent porcine zona pellucida (PZP) by the National Park Service 
and the Foundation for Shackleford Horses to manage a population of feral horses on 
Shackleford Banks, North Carolina. This has resulted in several changes in the behavior 
and physiology of treated mares, including an increase in group changing behavior 
(Nuñez et al. 2009). In this thesis, I used this population as a model system to explore the 
effects of varying rates of female group changes on stallion behavior and physiology. As 
mares previously treated with PZP exhibit prolonged decreases in fidelity to stallions 
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(Nuñez et al. 2017), our findings can provide insights into the potential impacts of 
immunocontraception management on non-target animals. 
 Stallions that experience high rates of female turnover engaged in male-male 
contests more frequently and at a higher intensity than those experiencing low rates of 
turnover. These same males also spent a greater percentage of their time vigilant. 
However, female turnover did not affect the rates of aggression or reproductive behaviors 
exhibited by stallions toward mares. Rather, habitat visibility, an environmental factor 
shown to have an important influence on stallion behavior (Rubenstein 1981), had a 
positive effect on the rate of male aggression toward mares. These findings suggest that 
female behavior has a strong influence on male-male interactions, while habitat openness 
seems to be more important in determining male-female interactions. This study 
improves our understanding of the potential consequences of immunocontraception for 
the behavior of non-target males. In addition, our findings provide new insights into the 
relative influences of female behavior and environmental factors on male behavior and, 
ultimately, how animal mating systems are shaped. 
 In the second study, we used a playback experiment to test whether stallions’ 
responsiveness to perceived rivals varied depending on their experience with female 
turnover. Stallions exhibited increased responsiveness to squeal playbacks (aggressive 
male vocalizations) compared to control playbacks with regard to length of vigilance and 
how likely they were to approach the speaker. As both of these behaviors are typically 
exhibited during confrontations between rivals, these findings suggest that the playbacks 
served their intended purpose and are a useful tool for studying feral horse behavior, 
especially when behaviors of interest are rarely observed in the wild. While male 
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responses did not depend upon the rate of female turnover experienced, the latency to 
return to normal behaviors and, to a lesser extent, length of vigilance did vary with 
playback timing with regard to group changes experienced by males. Stallions took 
longer to return to normal following squeals playback than controls during and after a 
group change by a female, and they tended to spend more time vigilant following squeals 
during a group change. Our results suggest that male responsiveness to perceived rivals is 
dependent on the social context and can be sensitive to female group changing behavior. 
 Not only did increased rates of female turnover alter male behavior, but they also 
had physiological impacts on stallions. Stallions experiencing higher turnover rates 
exhibited increased fecal cortisol levels compared to those experiencing lower rates. 
However, cortisol levels did not vary with the timing of female group changes, 
suggesting that stallions may experience female turnover as a chronic, rather than acute, 
stressor. Social instability is known to influence glucocorticoid concentrations in other 
species (Sapolsky 1983, Alberts et al. 1992, Bergman et al. 2005, Herzog et al. 2009), 
and it appears that the instability resulting from high rates of female turnover likewise 
alters activity of the hypothalamic-pituitary-adrenal axis and subsequent cortisol levels in 
these stallions. While it is generally accepted that acute stress responses are typically 
adaptive and chronic responses tend to be detrimental (Sapolsky 2005, but see Ralph and 
Tilbrook 2016), the precise impacts of the observed increases in male cortisol levels on 
stallion wellbeing are deserving of additional, careful consideration.  
 These studies add to an as of yet limited body of work exploring the potential 
consequences of fertility control for non-target animals (Ji et al. 2000, Poiani et al. 2002, 
Gray and Cameron 2010, Ransom et al. 2010, Druce et al. 2013). Our findings suggest 
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that immunocontraception can have consequences for non-target animals, in this case 
stallions that associate with mares previously treated with PZP. We demonstrate that 
increased female turnover alters male behavior through increases in male-male 
aggression and vigilance, and the context of group changes leads to increased 
responsiveness to rivals. Additionally, males experiencing increased rates of turnover 
exhibit elevated cortisol levels and may be at risk of chronic stress. As this group 
changing behavior is commonly exhibited by previously treated females (Nuñez et al. 
2017), males associating more with these females are more likely to exhibit these changes 
in behavior and physiology. If there are similar increases in female turnover within other 
populations managed via immunocontraception, males experiencing the resulting social 
instability may exhibit similar changes in behavior and could be at higher risk of chronic 
stress. The potential for such consequences among non-target animals and variation in 
those consequences across populations in different environments deserve careful 
consideration if managers are to maintain healthy, naturally functioning populations. 
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